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PREFACE 


Bils  volusse  contains  the  proceedings  of  the  1965  Symposium  on  the 
Physics  of  Failure  in  Electronics,  held  at  the  Illinois  Institute  of 
Technology  in  Chicago  on  16-18  Soveaber  1965*  This  5s  the  fourth  of  an 
annual  series  of  sysqposla  jointly  sponsored  by  the  Rome  Air  Development 
Center  and  the  UT  Research  institute. 

The  purpose  of  tJ  meeting  we a  to  exchange  information  on  fundamen¬ 
tal  physical  and  chemical  processes  'which  contribute  to  degradation, 
aging;  and  failure  of  electronic  parts  ai_I  materials.  Emphasis  was 
placed  on  the  application  of  this  infoiasi-cion  to  the  problems  of  reli¬ 
ability  control,  measurement,  prediction,  and  in^rovement.. 

Introductory  remarks  were  made  at  the  opening  session  by 
G.  T.  Jacobi,  on  behalf  of  the  UT  Research  Institute,  followed  by  an 
opening  address  given  by  Brig.  Gen.  A.  T.  Culbertson,  Commander,  Rose 
Air  Development  Center,  USAF.  Ihe  symposium  luncheon  address  was  de¬ 
livered  by  Dr.  lhoaas  P.  Cheatham,  Jr. ,  Deputy  Director  of  Defense 
Research  and •  Engineering . 

''SPapers  were  presented  at  six  half-day  sessions  as  follows:  Session 
I  -  Interconnections;  Session  n  -  Test,  Analysis,  and  Correlation; 
Session  III  -  Device  Physics;  Session  IV  -  Surface  Effects;  Session  V  - 
Bulk  Effects;  Session  VI  -  Mimxteman  II  CQAP  Program.  7  Session  VI  was  co¬ 
sponsored  by  the  Ballistic  Systems  Division,  C3AF.  '^Included  in  this 
volume  arc  also  a  number  of  standby  papers  which  were  not  presented  at 
the  '-ynposium.  ■ 
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The  symposium  co-chairmen  were: 

Morton  E.  Goldberg 
IIT  Research  Institute 

Joseph  M.  Schramp 

Rome  Air  Development  Center,  USAF 

Session  moderators  were: 


N.  M.  Parikh 
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OPENING  ADDRESS 


Brigadier  General  A.  T.  Culbertson,  USAF 
Coinmander,  Rome  Air  Development  Center 
Griffiss  Air  Force  Base,  New  York 


I  am  happy  to  have  again  the  opportunity  to  join  personally  our 
co-sponsor,  the  HT  Research  Institute,  in  welcoming  you  to  this  Fourth 
Annual  Symposium  on  the  Physics  of  Failure  in  Electronics. 

The  field  of  reliability  physics  is  well  on  its  way  to  becoming  an 
acceptable  and  useful  part  of  any  major  reliability  program.  This  is 
not  because  ve  have  found  a  simple  short-cut  to  reliability;  we  a~n  know 
we  have  not.  Rather,  it  is  because  a  fundamental  physical  approach  rep¬ 
resents  the  only  rational  basis  for  a  systematic  understanding  of  part 
failures.  Such  a  fundamental  approach  offers  a  valid  basis  for  trans¬ 
ferring  experience  to  new  device  situations.  Last  year,  in  my  introduc¬ 
tory  address  at  the  Third  Annual  Physics  of  Failure  Symposium  here  in 
Chicago,  I  made  several  observations  on  some  of  the  problem  areas  deserv¬ 
ing  additional  attention.  In  a  long  range  program  such  as  reliability 
physics,  we  obviously  did  not  expect  to  solve  them  all  in  a  year. 
Nevertheless,  I  think  it  worthwhile  to  examine  the  progress  that  has 
been  made  in  some  of  these  areas. 

First,  let  us  consider  those  areas  where  progress  is  still  inade¬ 
quate.  The  statisticians  remain  ahead  of  us  with  their  well  developed 
mathematical  tools.  We,  on  the  other  hand,  still  need  a  better  physical 
understanding  of  how  these  devices  work.  Furthermore,  translation  of 
this  information  to  the  reliability  domain  has  not  yet  occurred.  Per¬ 
haps  this  is  because  those  people  who  have  a  good  understanding  would 
rather  build  a  newer  device  than  sharpen  the  tools  of  the  reliability 
technology. 

Detailed  models  of  device  degradation  rapidly  tend  to  become  com¬ 
plicated  and  ineffective  as  engineering  tools.  There  is  an  urgent  need 
for  the  simpler  models  which  describe  gross  device  behavior,  and  which 
will  provide  the  “quick  and  dirty  approximations"  needed  by  the  reli¬ 
ability  engineers. 
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Information  transfer  from  life  test  data  is  still  rather  i 
I  believe  this  is  in  part  due  to  a  lack  of  centralized  attack  < 
problem.  We  at  RADC  have  most  of  the  elements  necessary  for  s 
centralized,  attack — the  reliability  researchers,  the  reiiabili 
neers,  computer  software  specialists,  and  the  systems  analysts 
the  nest  few  years,  these  elements  will  be  supplemented  by  ful 
operation  of  the  RADC  Bel lability  Central — a  central  clearing 
the  collection,  analysis,  and  dissemination  of  device  reliahil 
results.  This  Central  is  a  closed  loop  system  of  analysts  and 

TJQ-yVH  nrr  -fcr\rr /!+?■>  tsrr  +Q  pZ*0*'.rid.2  "fcCCfc  2TCCU. 

timely  manner,  The  Central  will  not  only  add  in  reliability  i 
transfer  to  the  device  designers,  but  it  will  also  serve  as  th 
back  loop"  to  the  reliability  researchers  and  engineers  so  tha 
concentrate  their  efforts  in  those  areas  needing  the  most  work 
of  caution  at  this  point — the  Central  is  still  in  tha  early  st 
development.  Do  not  expect  us  to  solve  all  of  your  problems  t 

Now,  let  us  discuss  those  areas  where  progress  has  been  g 
haps  moot  encouraging  has  been  a  better  integration  of  reliabi 
composed  of  scientists,  engineers,  and  parts  specialists.  Fhy 
and  chemists  seem  to  have  become  Increasingly  aware  of  the  pro 
side  of  the  problem,  and  the  reliability  engineer  now  better  a 
the  capabilities,  as  veil  as  the  limitations,  of  theoretical  a 
mental  methods  of  failure  mechanism  analysis. 


Our  experience  in  the  past  few  years  has  amply  demons trat 
value  of  such  team  efforts  in  major  systems  programs.  This  va 
rived  in  part  from  the  impact  made  on  the  current  system,  and, 
the  guidance  it  affords  to  future  systems,  directly  and  indire 
through  identification  of  necessary  future  research  efforts, 
hear  the  results  of  at  least  two  such  systems  programs  at  this 
in  the  next  few  days.  The  Ballistic  Systems  Division  of  USAF 
sponsoring  the  last  session,  which  will  cover  the  physics  of  f 
studies  connec  -ed  with  the  Minutemss  II  Component  Quality  Assu 
gram  (CQAP)  •  You  will  also  hear,  daring  one  of  the  earlier  se 
paper  on  the  techniques  developed  under  the  Project  Advent  pai 
ability  program.  Investigations  such  as  these,  conducted  with 
context  of  a  system  development  program  and  addressed  to  its  p 
problems ,  indicate  how  much  can  be  done — not  only  to  improve  p 
to  characterize  defects  and  relate  them  to  device  performance 
ability.  It  is  this  type  of  information  which  affords  a  sound 
for  reliability  prediction  and  testing. 


There  is  one  other  area  I  mentioned  last  year  that  bears  : 
the  need  for  acceptable  methods  of  evaluating  the  reliability  ( 
grated  circuits.  We  all  realize  that  the  art  of  device  fabric! 
variably  leads  systematic  understanding .  This  is  painfully  ev: 
the  rapid  advances  of  solid  state  technology.  We  in  the  resea: 
development  environment  also  realize  the  great  potential  that  : 
circuits  hold  for  our  present  and  proposed  military  systems. 
tens  project  officer,  as  you  might  expect,  however,  is  always  : 
to  buy  a  "pig  in  a  poke.”  There  are  several  studies  character: 
evaluating  integrated  circuit  performance  and  reliability.  Tbu 

4"}l  TVM 1  fjVl  T?  A  TV1  ttni?  +V(  A  A -I  -v*  *GVn  ■»*/’%  rt  luln  4-  aT  r>  T  ^  n  no»nv»»jn« 


tractuai  programs  in  this  area.  We  at  RADC  have  also  initiate! 
slve  in-house  project  which  in  effect  is  a  frontal  assault  on  • 
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of  integrated  circuit  reliability.  Areas  of  esrpiia«sis  will  include 
design  cf  reliability  testf ,  performance  of  tests  on  a  representative 
circuit  type,  analysis  of  failed  circuits,  interpretation  of  test  data, 
and  application  of  results  to  the  control,  prediction,  and  assessment  of 
tiit'  reliability  of  integrated  circuits. 

As  always,  problems  in  reliability  get  tougher  as  we  progress. 

Bit,  we  remain  convinced  that  he  route  we  are  taking  is  the  most  effec¬ 
tive  one.  Despite  our  conviction,  we  are  always  willing  and  eager  to 
hear  how  we  can  do  a  better  ^ob.  So,  I  suggest  ve  give  the  floor  to 
those  best  qualified  to  tel  1  ut  that.  Again,  I  welcome  all  of  you  to 
this  symposium. 
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SECTION  I 


INTERCONNECTIONS 


RELIABILITY  PHENOMENA  IN  ALUMINUM  METALIZATIONS 


ON  SILICON  DIOXIDE* 


w.  M.  Berger 
R.  S.  Keen 
G.  L.  Schnable 

Philco  Corporation 
Lansdale  Division 
Lansdale,  Pennsylvania 


INTRODUCTION 

This  paper  is  a  preliminary  report  on  studies 
concerning  the  reliability  limitations  of  aluminum  metaliza- 
tion  on  the  S102  surface  of  integrated  microcircuits. 

The  A1-S102  interface  is  the  most  common  metal- 
insulating  oxide  interface  encountered  in  silicon  planar 
devices  and  integrated  circuits.  Less  widely  used,  but  of 
increasing  importance  in  equipments,  are  MOS  devices  with  A1 
me tali red  gates,  and  8102-dielectric  thin-fi?  a  capacitors 
with  A1  counterelectrodes. 

The  use  of  a  high  resolution  thermal  plotter  has  shown 
operating  life  failures  to  be  due  to  localized  heating 
resulting  from  IR  drops  at  constrictions  in  the  aluminum 
metalization.  Storage  problems  result  from  a  significant 
decrease  in  conductivity  of  the  metalized  layer.  Also, 
reaction  of  aluminum  with  silicon  dioxide,  trtiich  is  thermo¬ 
dynamically  feasible,  occurs  to  a  significant  extent  during 
high  temperature  storage.  In  any  application  of  A1  metal¬ 
ization,  even  a  localized  A1-S102  interaction  is  very 
undesirable,  because  it  can  adversely  affect  the  electrical 
conductivity  of  the  A1  film,  or  because  it  can  result  in 
penetration  or  in  decrease  in  thickness  of  the  S102  layer. 
These  effects  can  change  the  electrical  characteristics  of 
the  device  on  which  they  occur. 

A  number  of  phenomena  have  been  observed  on  devices 
subjected  to  operating  and  storage  stress  which  relate  to 

*  The  reported  work  was  in  part  supported  by  the  United 
States  Air  Force  under  Contract  No.  AF  30{602)-3610. 


1 


reliability  limitations  of  aluminum  metalizations  on  Si02 
surfaces  of  silicon  devices  and  integrated  circuits.  The 
empirical  observations  include* 

1.  Open  metalization  as  a  result  of  storage  or 
operating  life  testing, 

2.  Ragged  edges  on  aluminum  metalization  as  a 
result  of  storage  life  testing, 

3.  Total  disappearance  of  aluminum  metalization 
from  certain  regions  during  operating  and 
storage  life  testing, 

4.  Short  circuits  in  capacitors  with  a  8102 
dielectric  and  an  aluminum  counterelectrode 
as  a  result  of  storage  at  elevated  tempera¬ 
tures, 

5.  Changes  in  aluminum  sheet  resistivity  as  a 
result  of  storage  at  high  temperatures, 

6.  Reactions  of  aluminum  in  contact  with  other 
metals  which  result  in  formation  of  inter- 
metallic  compounds  and/or  loss  of  adhesion 
between  A1  and  the  underlying  8102- 

The  fundamental  reactions  which  could  produce  the 
phenomena  described  above  include  the  followings  ' 

1.  Reaction  of  aluminua  7ith  8102  to  form  silicon 
plus  aluminum  oxide, 

2.  Formation  of  aluminum-silicon  eutectic  phase, 

3.  Chemical  reactions  to  form  oxides,  nitrides 
or  other  aluminum  compounds, 

4.  Agglomeration  (lateral  migration)  of  aluminum 
on  the  8102  surface  of  the  device, 

5.  Diffusion  of  aluminum  through  8102  layers, 

6.  The  influence  of  gold  bonded  to  aluminum  on 
the  properties  of  aluminum  layers  in  the 
vicinity  of  the  bond, 

7.  Electrolysis  occurring  as  a  result  of  an 
electric  field  across  a  dielectric  and  anod¬ 
izing  the  aluminum  metalization  at  positively 
biased  aluminum  electrodes. 

The  above-described  reactions,  while  not  a  severe  problem 
with  relatively  wide,  l~vi  thick  metalizations,  would  be 
expected  to  be  a  definite  reliability  limitation  with  0.1-n 
thick  A1  regions,  particularly  with  narrow  linewidths  or,  o 
operating  life,  with  regions  of  circuits  in  which  high  cur¬ 
rents  flow  irf  metalizations  over  areas  which  attain  high 
temperatures .  y- 
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This  report  discus? it,  in  Part  I,  phenomena  observed 
during  operating  life,  and  results  of  analysis  of  operating 
circuits  using  a  high  resolution  thermal  plotter  as  a  tool 
to  determine  localized  temperatures.  In  Part  II,  the 
effects  of  storage  life  are  reviewed,  with  a  discussion  of 
the  phenomena  involved.  Finally,  the  limitations  of  alumi¬ 
num  metalization  on  silicon  integrated  circuits  and  devices 
are  summarized  and  conclusions  are  drawn  relative  to  the 
mechanisms  involved.  Possible  techniques  for  improving 
device  or  circuit  reliability  are  outlined. 

PART  I  -  OPERATING  LIFE  RESULTS 
AND  THERMAL  PLOTTER  STUDIES 

Effect  of  Operating  Life  on  Failure  Modes 

Monolithic  silicon  microcircuits  demonstrate  very  low 
failure  rates  at  the  maximum  rated  storage  temperature,  for 
example,  at  3V,  125°C  ring  circuit  operating  conditions. 
Therefore,  high  stress  operation  and  high  stress  temperature 
storage  testing  is  considered  a  necessary  supplement  to 
extended  testing  at  rated  conditions,  and  high  stress  test¬ 
ing  is  conducted  as  a  normal  part  of  the  reliability  evalua¬ 
tion  of  these  devices.  High  stress  testing  can  sufficiently 
accelerate  some  failure  mechanisms  that  detection  is 
possible  within  a  relatively  short  period  of  time,  compared 
to  the  duration  required  for  the  mechanism  to  exhibit  itself 
at  rated  conditions.  However,  it  is  possible  that  the 
stress  level  applied  to  the  device  can  activate  failure 
mechanisms  that  would  not  normally  occur  at  rated  conditions. 
Any  given  family  of  monolithic  silicon  microcircuits  con¬ 
sists  of  devices  fabricated  by  utilizing  standard  family 
components  (i.e.,  the  same  load  or  input  resistors,  the  same 
output  transistor,  etc.)  diffused  into  and  interconnected  on 
the  same  silicon  Chip  according  to  a  set  of  design  rules 
unique  to  the  family.  Stress  testing,  therefore,  in  addi¬ 
tion  to  whatever  other  information  is  derived  from  its 
application,  will  definitely  establish  the  reliability 
limitations  of  any  given  microcircuit  family. 

Hie  failure  mechanisms  indicated  previously  have  been 
observed  not  only  on  stress  storage  life  devices,  but  also 
on  stress  operating  life  devices.  The  time  to  failure  for 
devices  subjected  to  both  operating  and  temperature  stress 
is  dependent  upon  the  level  of  the  stress. 

Because  increased  temperature  accelerates  the  failure 
mode,  and  because  the  physical  appearance  of  the  metaliza¬ 
tion  is  changed,  it  is  concluded  that  these  failure 
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mechanisms  are  chemical  in  nature.  It  is  significant  that 
certain  areas  of  devices  subjected  to  power  stress  testing 
are  more  susceptible  to  failure  than  others.  Because 
increased  temperature  accelerates  the  failure  mechanism,  it 
is  likely  that  the  areas  prone  to  failure  during  stress 
operation  are  regions  of  localized.high  operating  tempera¬ 
ture.  The  areas  especially  susceptible  to  failure  during 
stress  operation  include i  (1)  metalizations  crossing  ele¬ 
ments  of  the  device  which  dissipate  considerable  power, 

(2)  the  metalization  near  contact  cuts,  and  (3)  the  metal - 
ization  near  oxide  steps.  Because  of  the  procedures  used 
for  depositing  metalization,  failures  in  the  latter  two 
areas  may  result  because  of  constriction  in  the  cross  sec¬ 
tional  area  which  causes  increased  resistance  to  current 
flow,  and  hence  localized  heating. 

Theiml  Plotter  sudlw 

To  determine  if  localized  heating  does  occur  in  small 
areas  on  microcircuit  devices,  the  temperature  must  be 
measured  by  a  non-contacting  detection  system,  since  any  ol 
the  contacting  methods  of  temperature  detection  (such  as 
thermocouples  and  temperature  sensitive  film)  are  of  suffi¬ 
cient  mass  compared  to  the  area  being  measured  to  seriously 
disturb  thermal  equilibrium.  The  Thermal  Plotter  which 
measures  temperature  by  detecting  the  infrared  radiation 
emitted  from  a  given  surface  area  is  the  type  of  instrument 
„ required1 > 2 > 3 » 4 . 

The  spatial  resolution  of  the  Thermal  Plotter  can  be 
varied  and  is  dependent  upon \yhich  interchangeable  Casse- 
grainian  lens  system  is  used.  The  resolution  is  an 
important  consideration  where  a  hot  spot  on  the  narrow 
metalization  of  a  microcircuit  is  concerned  because  the 
Thermal  Plotter  integrates  and  averages  the  radiation 
emitted  from  the  area  within  the  circle  of  resolution.  Hie 
effect  of  resolution  on  the  Thermal  Plotter  output  is  illus 
trated  in  Figure  1. 

To  demonstrate  localized  heating,  the  Thermal  Plotter 
was  used  to  determine  the  operating  temperatures  of  all 
operating  devices  reported  in  this  paper.  Consideration  wa 
given  to  the  resolution  of  the  instrument  in  all  cases. 

Temperatures  were  determined  along  the  center  line  of 
the  same  1-mil  wide  base  metalization  stripe  on  three  inte¬ 
grated  devices.  The  temperature  resulted  from  the  applica¬ 
tion  of  a  current  of  80  ma.  Wie  determinations  reflect  twe 
effectst  (1)  that  of  the  substrate  heating  due  to  device 
dissipation,  and  (2)  localized  heating  of  the  metalization 
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due  to  constrictions,  The  temperature  determinations,  as 
shown  in  Figure  2,  were  made,  utilizing  a  0.8  mil  mil  reso¬ 
lution  lens,  immediately  after  the  application  of  power,  and 
again  after  the  device  reached  thermal  equilibrium.  The 
difference  in  the  temperature  levels  of  devices  1  and  3, 
compared  with  device  11,  are  due  Uo  the  difference  in  the 
power  dissipated.  Devices  1  and  3  dissipated  324  mw  and 
348  mw,  respectively,  as  the  result  of  forward  biasing  two 
transistors  on  the  substrate,  whereas  device  11  dissipated 
only  148  mw  because  only  one  transistor  on  the  substrate  was 
utilized. 


,  ,  AREA  OP  HIS*  LOCALIZED  AREA  OF  NISH  LOCALIZED 

(A)  TEMPERATURE  (C)  TEMPERATURE 


OCTECTOR  EMITTED  PROM  RELATIVELY 
LAPSE  PORTION  OP  CIRCLE  OP  RESOLUTION 
NIT  THERMAL  PLOTTER  DOES  NOT  INDICATE 
■MAXIMUM  TEMPERATURE  OP  MOT  SPOT 
K  CAUSE  OP  RADIATION  PROM  LOW 
'EMPERATURE  AREA. 


Figure  1 


Illustration  showing  relationship  of  hot  spot  size 
and  resolution  of  system  to  Thermal  Plotter  output. 


1*0  *c 


Figure  2 


Temperature  along  center  line  of  base 
metalization  of  operating  devices. 

Effects  of  Geometry  on  Localized  Heating 

The  point  of  highest  temperature  on  all  metalizati 
regardless  of  the  power  dissipated  in  the  device,  occure 
an  angle-point  in  the  metalization  at  an  oxide  step  caus 
by  a  resistor  diffusion.  Consideration  of  the  geometry 
would  lead  one  to  anticipate  a  hot  spot  at  this  location 
because s 


a.  Current  tends  to  crowd  toward  the  inside  of  a 
corner  of  the  metalization  in  searching  for 
the  shortest  path  between  connections.  Hence 
the  increased  current  density  would  cause 
increased  heating. 
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b.  An  oxide  step  can  cause  a  constriction  -which 
also  increases  the  current  density. 

The.  points  o£  minimum  temperature  along  the  thermal 
scan  also  occur  in  similar  locations  for  each  device;  at 
the  bonding  pad,  and  at  points  in  the  metalization  where 
the  distance  between  successive  oxide  steps  is  maximum.  The 
locations  of  minimum  temperatures  are  credible  because  they 
Occur  at  points  on  the  metalization  that  are  a  maximum  dis¬ 
tance  from  possible  heat  sources,  such  as  oxide  steps.  The 
thermal  scans  demonstrate  that  localized  heating  does  occur 
at  oxide  cuts  and  the  effect  is  enhanced  by  sharp  corners  in 
current  conductors.  It  is  also  observed  that  localized 
heating  near  an  oxide  cut  at  a  corner  in  the  metalization 
occurs  more  rapidly  than  heating  due  to  oxide  cuts  alone. 
This  is  demonstrated  in  the  scan  shown  for  device  11  in 
Figure  2.  The  temperature  determination  made  immediately 
after  the  application  of  power  to  the  device  does  not  shew 
any  appreciable  temperature  spike  at  oxide  cuts  not  in¬ 
fluenced  by  a  corner,  tdiereas  at  thermal  equilibrium  a  spike 
is  apparent  at  an  oxide  cut  not  at  the  corner  of  the 
metalization.  Figure  3  shows  the  time  rate  of  increase  in 
temperature  of  an  aluminum  conductor  after  the  application 
of  power.  The  point  selected  for  this  determination  was' 
located  on  the  metalization,  shown  in  Figure  2,  where  it 
crosses  the  first  resistor  oxide  step  adjacent  to  the  angle 
point. 


The  temperature  determination  along  the  centerline  of 
an  emitter  metalization  where  one  of  the  four  contact  cuts 
crossed  by  the  metalization  is  forward  biased  is  shown  .n 
Figure  4.  Three  integrated  devices  were  used  in  this 
determination.  The  measurement  was  conducted  with  the  0.8 
mil  resolution  lens  after  thermal  equilibrium  was  achieved. 

A  temperature  spike  occurs  at  a  sharp  corner  in  the 
conductive  metalization,  and  in  general  other  temperature 
spikes  occur  near  contact  cuts  where  there  is  a  step  in  the 
oxide  surface.  The  maximum  temperature  in  this  case  occurs 
at  the  contact  cut  to  the  isolation  region,  but  this  spike 
is  further  enhanced  by  the  current  flow  around  a  sharp  cor¬ 
ner  to  the  bonding  pad  for  the  external  lead.  Since  the 
current  passed  by  the  metalization  at  tills  point  is  160  ma, 
it  is  reasonable  that  here  the  temperature  is  the  hi^iest. 
The  differences  in  temperature  levels  can  again  be  attri¬ 
buted  to  differences  in  the  power  levels  applied  to  the 
device . 
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Figure  3 


Tine  rate  of  uetalization  temperature 
increase  after  application  of  power. 


Figure  4 


Temperature  determination  along  center  line  of 
emitter  metalization  with  scan  crossing  forward- 
biased  emitter-base  diode. 


Disappearance  of  HetalJ.zation 


The  disappearing  metalization  failure  mode  has  been 
observed  on  devices  subjected  to  a  7000-hour,  900 -raw  room 
temperature  operating  test.  Xt  was  significant  that  all 
the  failures  were  almost  identical.  The  emitter  metaliza- 
tions  on  all  devices  which  failed  because  of  this  mechanism 
had  opened  at  or  near  the  outside  edge  of-  the  emitter  con¬ 
tact  cut.  This  particular  contact  cut  is  a  current  node  in 
the  physical  device  where  the  current  conducted  by  the 
metalization  increases  from  60  to  90  aa.  The  operating  life 
circuit  used  during  this  testing  is  shown  in  Figure  5. 

Figure  5  also  shows  the  equivalent  point  of  failure  in  the 
physical  device. 


Figure  5 

Stress  circuit,  900  raw  d.c. 

Figure  6  is  a  photomicrograph  of  one  of  the  failed 
devices  showing  the  point  of  failure,  nils  photograph  is 
typical  of  all  failures. 

The  physical  appearance  of  these  failures  indicated 
heating  in  excess  of  temperatures  that  would  be  anticipated 
based  on  the  thermal  resistance  of  the  device.  Since  the 
failure  occurred  at  the  edge  of  a  contact  cut  where  a  con¬ 
striction  in  the  metalization  could  easily  occur,  and 
because  the  point  of  failure  was  at  a  current  node,  local¬ 
ized  heating  was  hypothesized  as  the  cause  of  failure.  To 
verify  this  hypothesis,  the  two  devices  surviving  after  7000 
hours  of  900  raw  stress  operation  were  opened,  the  stress 
conditions  were  imposed  on  the  devices,  and  the  Thermal 
Plotter  was  used  to  determine  the  temperature  along  the 


9 


centerline  of  the  emitter  metalization.  The  resulting 
thermal  scan  indicated  that  localized  heating  was  occurri 
in  the  region  where  the  metalization  had  opened  on  the 
failed  devices.  The  temperatures  determined  along  the  ce 
terline  of  the  emitter  metalization  are  shown  in  the  uppe 
part  of  Figure  7.  These  temperatures  were  determined  usi 
the  Thermal  Plotter  fitted  with  a  0.8  mil  resolution  lens 


Figure  6 

D.  sappearing  emitter  metalization  after 
'000  hours  of  test  at  900  mw. 

To  establish  whether  all  devices  of  this  type 
exhibited  a  localized  hot  spot  in  the  same  region  as  tha 
responsible  for  the  failure  of  the  devices  subjected  to  • 
900  mw  stress  test,  a  determination  was  made  of  the  tempi 
tures  along  the  emitter  metalization  of  a  device  from  t’ 
same  production  lot.  This  device  had  been  subjected  to  : 
hours  of  150°C  storage,  but  not  to  any  operating  test.  < 
a  small  temperature  spike  appeared  at  the  metalized  area 
question,  and  was  apparent  only  after  the  spatial  resolu 
of  the  Thermal  Plotter  was  increased  to  0.3  mil.  The  tei 
atures  determined  along  the  centerline  of  the  emitter 
metalization  for  this  device  are  shown  in  the  lower  part 
Figure  7. 


10 


260*C 


260*C 


220*C 


I80*C 


Temperature  determination  along  center  line  of  emitter 
metalization,  with  0.8  mil  resolution  lens  (upper)  and 
with  0 . 3  mil  resolution  lens  (lower) . 

These  results  indicate  that  the  devices  as  initially 
subjected  to  operating  life  stress  testing  exhibited  a  small 
area  of  slight  localized  heating  which  increased  in  both 
size  and  temperature  until  the  subsequent  failure  of  the 
device  due  to  chemical  effects  caused  by  excessive  localized 
temperature. 

A  second  example  of  a  metalization  failure  is  shown  in 
Figure  8.  This  device  failed  after  1000  hours  of  900  mw 
operating  life  at  125°C.  It  can  be  seen  from  the  photomicro¬ 
graph  that  the  absence  of  metalization  has  an  appearance 
similar  to  metalization  failure  shown  in  Figure  6.  Hie  d-c 
stress  circuit  in  which  this  device  was  operated  was 
arranged  to  dissipate  approximately  750  mw  in  the  load 
resistor  immediately  under  the  metalization  that  subsequently 
failed.  A  total  of  900  mw  was  dissipated  in  the  entire 
device,  and  the  test  was  conducted  in  an  ambient  temperature 
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of  125 °C.  The  cause  of  failure  in  this  case  is  attributed 
to  excessive  localized  heating  of  the  metalization  due  to 
high  localized  dissipation  in  the  1250  resistor  immediately 
under  the  region  of  failure. 


Figure  8 

Metalization  failure  due  to  localized  heating. 

Considerable  study  has  been  made  of  ion  migration 
effects  in  MOS  capacitors  and  transistors  at  300 °C  with  a 
high  electric  field  applied  across  the  Si02  layer.  There 
appears  to  be  no  tendency  for  migration  of  aluminum  ions  in 
amorphous  Si02.  It  should  also  be  pointed  out  that  the 
aluminum  oxide-silicon  oxide  equilibrium  diagram,  while 
indicating  the  existence  of  a  compound  mullite  (2Al2C>3-Si02). 
shows  no  phase  with  a  melting  point  below  1700°C?  Evidence 
of  electrolytic  phenomena  as  a  result  of  ion  migration  on 
dielectric  surfaces  such  as  thermally-grown  SiC>2  or  other 
insulating  substrates  used  in  microelectronics  was  recently 
reported  by  several  investigators® >^>8. 

Al-Sl  Eutectic 


Another  metalization  failure  mode  is  a  growth  which 
begins  in  contact  cuts  and  progresses  outward  along  the 
metalization.  This  mode  is  also  attributed  to  localized 
heating.  Under  microscopic  examination  utilizing  vertical 
illumination,  the  growth  appears  as  a  black  granular  sub¬ 
stance  and  is  accompanied  by  a  substantial  increase  in 
volume  over  the  original  aluminum  metalization.  The  growth 
appears  black  under  vertical  illumination,  but  when  viewed 
with  dark  field  or  side  illumination,  the  growth  is  silver- 
white.  Failures  of  this  type  normally  occur  during  stress 


operating  life  at  dissipations  far  in  excess  of  the  device 
rating,  and  failure  is  due  to  short  circuiting  of  the 
device.  Figure  9  shows  photomicrographs  of  this  mode  taken 
under  vertical  illumination  at  early  and  late  stages  of 
development.  Figure  10  is  a  photomicrograph  of  the  growth 
mode  as  it  appears  when  using  3ide  illumination. 


Figure  9 

(totalization  growth  at  (a)  early  stage  of  development, 
and  (b)  late  stage.  Both  photomicrographs  taken  under 
vertical  illumination. 

The  failure  mode  is  believed  to  be  the  reaction  of 
alununum  with  silicon  to  form  alu'mium-silicon  eutectic.  It 
has  been  observed  to  occur  in  contact  cuts  of  integrated 
circuits  subjected  to  high  dissipations.  In  general,  this 
type  of  reaction  starts  at  contact  cuts  which  are  near 
reverse  biased  junctions  or  other  structures  which  produce 
considerable  local  heating. 

It  was  possible  to  induce  the  phenomenon  by  forcing 
current  through  the  reverse  biased  emitter  diodes  of  two 
transistors  on  an  integrated  device.  The  electrical  con¬ 
figuration  of  the  device  and  the  circuit  used  to  induce  the 
growth  are  shown  in  Figure  11.  Figure  12  is  a  photomicro¬ 
graph  of  the  device  showing  the  extent  of  the  reaction  at 
one  base  contact  after  15  minutes  of  exposure  to  the  operat¬ 
ing  conditions.  Figure  13  is  a  photomicrograph  of  the 
entire  device  showing  the  extent  of  the  reaction  after  240 
minutes  of  exposure  to  test. 
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Figure  12 

Extent  of  growth  after  15  minutes. 


Figure  13 

Extent  of  growth  after  240  minutes. 
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Hie  rate  at  Which  the  phenomenon  occurred  was  quite 
rapid,  but  a  considerable  amount  of  power  was  required  to 
cause  it  to  proceed  at  this  rate.  A  total  o£  1600  mw  was 
dissipated  in  the  entire  device,  800  mw  in  each  transistor. 
The  progression  of  the  front  of  the  growth  was  accompanied 
by  a  dull  red  area  which  moved  from  spot  to  spot  along  the 
front  as  the  phenomenon  proceeded.  The  existence  of  the 
dull  red  spot  indicates  temperatures  between  575  and  600°C 
at  the  leading  edge  of  the  growth.  Since  the  Al-si  eutectic 
has  a  melting  point  of  577 °C,  the  Al-Si  eutectic  is  no  doubt 
formed  in  this  reaction. 

The  aluminum  metalization  not  affected  with  the 
growth  was  removed  when  the  device  was  immersed  in  an  alka¬ 
line  solution.  However,  the  metalization  in  the  area  in 
which  the  growth  had  occurred  was  not  disturbed.  Subsequent 
etching  of  the  device  with  a  silicon  etch  did  remove  the 
growth.  This  indicates  that  the  metalization  had  been  con¬ 
verted  from  pure  aluminum  to  some  other  metal.  Figure  14 
is  a  photomicrograph  of  the  device  after  the  metal  was 
removed. 

During  the  time  the  growth  was  occurring,  a  tempera¬ 
ture  scan  was  made  with  the  Thermal  Plotter  and  the  scan 


Figure  J4. 

Photomicrograph  of  o.evice  after  metal  removal. 
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indicated  a  hot  spot  at  the  leading  edge  of  the  growth. 
Temperature  determinations  were  made  along  the  centerline  of 
the  same  metalization  at  lower  power  levels  before  the 
growth  had  started  to  occur.  Pigure  15  shows  the  tempera¬ 
ture  scan  made  with  the  device  dissipating  1000  raw,  approxi¬ 
mately  500  mw  in  each  transistor.  A  temperature  of  about 
220 °C  is  indicated  at  the  oxide  cut  for  the  base  metaliza¬ 
tion,  the  point  from  which  the  growth  subsequently 
emanated.  It  is  concluded  that  this  phenomenon  is  the 
result  of  the  formation  of  the  Al-Si  eutectic,  and  is 
induced  by  regions  of  high  localized  temperature  near 
silicon  sources. 
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Figure  15 


Temperature  along  centerline  of  metalization 
prior  to  formation  of  growth.  , 

Figure  16  shows  a  photomicrograph  of  a  device  that 
failed  after  approximately  50  hours  of  500  mw  d-c  stress  at 
125°C.  the  metalization  growth  is  readily  visible  in  the 
photomicrograph  and  is  typical  of  the  growth  seen  on  the 
other  devices. 


To  determine  if  localized  heating  was  responsible  for 
the  growth,  a  device  that  had  been  subjected  to  this  same 
test  was  thermally  scanned  across  the  growth-susceptible 
area  while  operating  at  room  temperature  under  the  voltage 
stress  conditions.  The  temperature  determination  scans  were 
made  with  the  1.4  mil  resolution  lens  system.  The  results 
are  shown  in  Figure  17. 

It  is  observed  from  the  scans  in  Figure  17  that 
temperatures  in  the  range  of  180 °C  to  200°C  were  detected 
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when  the  device  wee  operated  at  room  temperature,  nils  woul< 
indicate  that  temperatures  aa  high  as  325 °C  could  initially 
occur  during  operation  in  a  125 °C  ambient.  An  inveetigation 
of  the  operating  circuit  by  probing  haa  indicated  that  pre¬ 
ferential  electrical  opening  of  certain  internal  nodes  can 
cause  a  current  as  high  aa  120  ma  to  flow  through  the  VCc 
connection  to  the  device.  It  has  also  been  determined  that 
leakage  paths  not  indicated  in  the  device  schematic  can  be 
thermally  activated,  causing  current  flow  as  high  as  100  ma 
in  any  of  the  blackened  areas  shown  in  Figure  16.  Tests 
conducted  at  25 °C  have  shown  that  a  current  flow  of  200  ma 
through  the  Vcc  connection  with  no  other  stresses  applied 
is  sufficient  to  cause  a  black  growth  to  occur  in  less  than 
one  minute.  A  current  flow  of  180  ma  through  all  8  diodes 
(in  parallel  as  in  the  test  circuit)  is  sufficient  to  induce 
the  black  growth  at  room  temperature.  It  is  concluded  that 
the  failure  mode  is  one  or  more  of  the  high  temperature- 
activated  mechanisms  previously  discussed,  i.e.,  disappearing 
metalization  which  causes  internal  opens  and  hence  increases 
the  current  flow  through  certain  regions,,  which  then  raises 
the  device  temperature  sufficiently  to  cause  the  formation  o: 
an  Al-Si  eutectic. 


Figure  16 

Metalization  growth  after  50  hours 
at  500  mw  in  125 °C  ambient. 
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Figure  17 

Temperature  scans  across  device  operating 
under  stress  voltage  conditions. 


PART  II  -  STUDIES  OF  ALUMINUM  REACTION  AND 
MIGRATION  DURING  STORAGE  LIFE 

Al-gjQa.  Intaastiaaft 

Studies  of  the  A1-S102  system  have  been  concentrated 
on  determining  the  extent  to  which  the  thermodynamically 
possible  reaction 

4A1  +  3Si02  - »  2AI2O3  +  3Si, 

would  occur  at  temperatures  within  the  operating  range  of 
aluminum  metalization  measurements9,  nils  reaction  would  be 
an  important  consideration  In  device  reliability:  (1)  if 
silicon  doped  aluminum  is  a  significantly  poorer  electrical 
conductor  than  pure  aluminum,  (2)  if  the  reaction  results  in 
shorts  through  an  Si02  layer  in  microcircuits  or  in  Si02- 
dielectric  capacitors,  or  (3)  if  the  reaction  results  in  an 
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oxygen  deficiency  in  the  silicon,  which  in  turn  induces  an 
excess  electron  concentration  in  the  underlying  silicon. 

It  is  well  established  that  4he  A1-S102  interaction 
occurs  at  temperatures  in  the  range  of  500  to  550 °c^®. 
Evidence  of  the  interaction  of  the  aluminum  with  Si02  has 
been  obtained  from  photomicrographs  of  metalized  patterns 
and  from  photomicrographs  of  angle-lapped  structures  con¬ 
sisting  of  aluminum  on  Si02.  Figure  18  is  a  1°  angle  lap  of 
a  lp.  aluminum  pattern  on  a  lp,  thick  Si02  wafer  after  being 
subjected  to  15  hours  of  storage  at  550°C  in  a  dry  nitrogen 
atmosphere.  Zt  is  evident  that  the  reaction  proceeded 
entirely  through  the  Si02  layer,  forming  an  ohmic  path 
between  the  aluminum  and  the  underlying  silicon. 


Figure  18 

Angle  lap  showing  Al-Si02  interaction. 

Ihis  reaction  has  also  resulted  in  formation  of  shorts 
in  capacitors  consisting  of  anodized  n+-type  silicon  with 
aluminum  counterelectrodes.  Shorts  occurred  in  all  capaci¬ 
tor  structures  tested  in  20  minutes  at  550 °c  with  Si02 
layers  0.0  3p.  thick.  When  the  same  capacitor  structure  was 
temperature  aged  at  475°C  for  20  minutes,  very  few  shorts 
were  observed. 

Appreciable  interaction  of  A1  on  Si02  at  approximately 
500 °C  has  been  experimentally  shown  to  occur  by  Lesk11  and 
Selikson12.  More  recently,  there  appears  to  be  evidence  of 
appreciable  interaction  between  A1  and  Si02  as  a  result  of 
lengthy,  lower  temperature  storage13. 
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A  sensitive  and  effective  technique  for  studying  loss 
of  conductivity  of  aluminum  metalizations  is  to  measure  the 
sheet  resistivity  of  thin  aluminum  layers  which  have  been 
evaporated  onto  thermally  oxidized  silicon  wafers.  Table  1 
indicates  the  change  in  the  sheet  resistivity  of  a  O.ljx 
thick  aluminum  layer  on  Si02  resulting  from  storage  for 
various  periods  of  time  at  temperatures  ranging  from  500  to 
560°C.  Empirical  data  indicates  that  the  resistivity  of 
0.1|x  A1  films  on  Si02  surfaces  increases  by  several  orders 
of  magnitude  when  stored  for  short  durations  in  dry  nitrogen 
at  temperatures  in  excess  of  500 °C^  The  activation  energy 
determined  from  this  data  is  on  the  order  of  20  kcal/mole. 


Table  1 

Change  in  Sheet  Resistivity  of  A1  on  SIO2 
Measured  with  Four  In-Line^.  Probes 

Conditions 

Metal  System:  A1  on  Si02 
Layer  Thickness:  O.lp,  A1 
Contact  Material:  A1 
Resistor  Material:  A1 
Ambient:  Dry  N2 
Initial  Resistance:  0.85  ohms/D 
Measured  with:  4  in-line  probes 


Time 

in 

Hours 

Total  Resistance  Change  (Ohms/D) 
for  Bach  Time  and  Temperature 

500  °C 

530  °C 

560°C 

1.5 

0.7 

0.85 

2.65 

4.5 

0.9 

1.6 

4.6 

10.0 

1.4 

8.0 

- 

20.0 

2.8 

- 

- 

30.0 

14.5 

- 

- 

Whereas  the  reaction  of  A1  with  SIO2  has  been  shewn  to 
occur,  a  reaction  which  produces  Si  only  in  solid  solution 
in  A1  could  not  proceed,  except  on  a  localized  basis,  far 
enough  to  produce  the  observed  order-of-magnitude  increases 
in  electrical  resistivity  of  the  A1  film. 

The  solid  solubility  of  A1  in  Si  is  1.3  wt  %  at  550°C, 
and  0,8  wt  X  at  500 °C.  The  specific  resistivity  of  A1  con¬ 
taining  1%  silicon,  however,  would  be  less  than  50%  higher 
than  that  of  pure  Al,  and  thus  A1  in  solid  solution  in  Si 
would  not,  in  itself,  account  for  the  observed  resistivity 
increases. 
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With  a  knowledge  of  the  A1-S102  interactions 
occurring,  techniques  to  confirm  the  reaction  were  intro¬ 
duced.  The  techniques  were  appropriately  applied  to  both 
thin-film  test  structures  and  long-term  storage  devices. 

Specimens  were  prepared^for  electron  diffraction 
studies  by  evaporating  a  400  A  layer  of  aluminum  on  silicon 
wafers  which  had  a  thermal  oxide  thickness  of  lp,.  The 
specimens  were  then  baked  for  20  minutes  at  550 °C  in  an 
atmosphere  of  dry  nitrogen  ,  and  etched  in  concentrated  HC1 
for  varying  lengths  of  time.  Diffraction  patterns  obtained 
from  samples  etched  for  30  minutes  and  for  16  hours  exhi¬ 
bited  a  reasonable  fit  to  the  published  Y-AI2O3  d  values. 
These  results  indicate  the  presence  of  an  AI2O3  phase  in 
samples  subjected  to  a  20-minute,  550°C  bake  in  an  inert 
atmosphere.  It  cannot  be  stated  unequivocally  that  the 
AI2O3  is  formed  at  the  Al-Si02  interface  because  electron 
micrographs  indicate  some  material  from  the  original  alumi¬ 
num  surface  persists  afeter  etching. 

A  high  temperature  bake  serves  to  increase  the 
thickness  of  the  surface  oxide  on  the  aluminum.  This  con¬ 
clusion  is  drawn  from  the  tact  that  the  diffraction  patterns 
from  unbaked  specimens  show  aluminum,  while  the  patterns 
from  baked  specimens  do  not.  Hence  the  aluminum  has  reacted 
with  other  elements,  and  therefore  a  volumetric  increase  is 
necessary.  This  reaction  may  be  a  consequence  of  an 
impurity  in  the  atmosphere  during  baking.  .-'A  high  tempera¬ 
ture  bake  also  affects  the  aluminum  film' because  electron 
diffraction  patterns  of  unbaked  films,  had  a  (111)  fiber 
texture,  whereas  the  baked  ones  did  not.  Sufficient  evi¬ 
dence  is  not  available  to  determine  whether  this  is 
similarly  due  to  atmospheric  contamination  during  heat 
treatment,  or  whether  this  is  due  to  a  reaction  at  the  Al- 
Si02  interface. 

Figures  19(a)  and  19(b)  show  a  circuit  in  which  the 
aluminum  metalization  overlying  the  SiOj  has  been  removed  by 
chemical  means.  This  circuit  had  been  stored  at  250°C  for 
2600  hours.  The  photograph  in  Figure  19(a)  was  made  using 
white  light  illumination,  and  shows  no  evidence  of  any  pro¬ 
duct  of  an  aluminum-Si02  interface  reaction.  Figure  19(b) 
shows  the  same  circuit  photographed  under  monochromatic 
li^it  (Nap  =  5895  A).  In  monochromatic  light,  the  regions 
where  the  A1  metalization  had  previously  existed  can  be 
observed.  It  is  believed  that  the  pattern  visible  after 
removal  of  the  aluminum  is  a  result  of  interface  reaction 
in  the  AI-SIO2  system.  The  index  of  refraction  of  this 
oxidation  phase  has  been  determined  to  be  approximately 
1.51.  Amorphous  Si<>2  has  an  index  of  refraction  , of  1.456. 
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Thus  this  phase  is  concluded  to  consist  of  a  mixed  amorphous 
oxide  of  aluminum  and  silicon. 


Figure  19 

Device  after  2600  hours  at  250°c,  aluminum 
metalization  removed,  photographed  using 
(a)  white  light  illumination  and  (b)  mono¬ 
chromatic  illumination. 

A  photomicrograph  of  an  integrated  circuit  from  which 
the  metalization  was  partially  removed  by  cleaning  the  sur¬ 
face  with  a  cotton  tipped  swab  is  shown  in  Figure  20.  The 
device  had  been  subjected  to  11,000  hours  of  storage  at 
200°C.  A  difference  in  oxide  thickness  under  the  removed 
metalization  is  apparent  when  one  compares  this  oxide  color 
with  that  of  the  oxide  which  had  not  been  covered  by 
aluminum. 

« 

Aluminum  Migration 

lhe  disappearing  metalization  effect  first  detected  on 
operating  life  has  also  been  observed  after  extended  storage 
life  testing  at  temperatures  at  or  in  excess  of  the  device 
rating. 

Microscopic  examination  of  integrated  circuits  stored 
at  150  to  350 °C  for  times  ranging  from  2500  to  11,000  hours 
indicated  disappearance  of  aluminum  from  areas  of  the  metal¬ 
ization,  particularly  at  the  edge  of  the  metalization,  or  at 
steps  in  the  oxide.  Loss  of  adhesion  of  A1  to  Si02  has  also 
been  observed,  lhe  effects  at  150°C  and  at  250°c  are  shown 
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in  Figure  21  (a)  and  (b) .  These  phenomena  occurred  on  area, 
of  A1  metal izat ion  patterns  which  were  not  connected  to  gol 
bonds ,  as  well  as  on  areas  directly  connected  to  gold  bonds 


Figure  20 


Difference  in  oxide  thickness  under  metallisation 
after  11,000  hours  at  200°C.  Taken  with  white 
light  illumination. 

In  the  vicinity  of  Au  bonds,  a  tendency  for  A1  to 
disappear,  forming  holes  in  the  A1  pattern,  was  noted.  Thi 
effect  is  shown  in  Figure  22  (a) ,  (b) ,  and  (c) .  The  resis 
ance  increases  given  in  Tables  2  and  3  are  believed  to  be 
due,  at  least  in  part,  to  this  type  of  phenomenon. 

A  similar  phenomenon  of  disappearing  A1  has  been 
observed  with  O.ln  films  of  A1  on  Si02  in  the  vicinity  of  t 
bonds,  nils  effect  is  a  result  of  the  storage  of  devices  e 
elevated  temperatures,  and  is  not  present  immediately  after 
the  thermocompression  bonding  operation. 

A  test  vehicle  consisting  of  a  resistor-type  pattern 
1-raii-wide  stripes,  250  squares  long,  with  contact  pads  at 
each  end  were  delineated  on  thermally  oxidized  silicon.  Hv 
delineated  A1  resistor  patterns  were  mounted  in  multiple-le 
TO-5  packages,  with  gold  thermocompression  bonds  on  the  con 
tact  pads.  Wie  structures  were  vacuum  baked  at  200°C  for  o. 
hour  and  then  sealed  in  dry  N2* 

Recent  evaluations  of  these  O.ln,  thick  aluminum  pattei 
evaporated  on  Si02  and  on  P20s-Si02  surfaces  have  indicated 
substantial  increases  in  electrical  resistivity  after  being 
subjected  to  high  temperature  storage^.  These  data  are 
given  in  Tables  2  and  3. 
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Figure  21 

Photomicrographs  of  disappearing  metalization 
(a)  after  9500  hours  at  150 °C,  and  (b)  after 
4400  hours  at  250°C.  The  smallest  metaliza¬ 
tion  is  0.5  mil  wide. 

Due  to  the  observed  increase  in  resistance,  devices 
were  opened  for  microscopic  inspection,  The  structures 
revealed  areas  of  voids  in  the  metalization  in  the  vicinity 
of  the  Au  bonds.  Voids  were  found  in  the  metalization 
structures  at  temperatures  of  150,  250,  and  350°C  after  1300 
hours  of  aging. 

Figure  22(a),  (b) ,  and  (c)  shows  the  effect  of  1300 
hours  of  storage  at  140,  250,  and  350°C,  respectively.  It 
is  concluded  that  at  these  temperatures,  lateral  migration 
of  aluminum  toward  the  gold  bond  occurs,  thereby  causing  a 
reduction  of  the  cross  sectional  area  of  the  metalization, 
and  an  associated  increase  in  resistance. 

It  should  be  pointed  out  that  no  voids  were  observed 
in  the  areas  of  metalization  that  were  connected  to  but  not 
near  Au  bonds,  or  in  areas  where  there  was  no  gold  at  all. 
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Figure  22 

Metalization  pattern  after 
1300  hours  at  (a)  150°C, 

(b)  250°C,  and  (c)  350°C. 
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Table  2 


Change  in  Resistance  of  A1  on  Si02 
Measured  on  Delineated  Resistors 


Conditions 

Metal  Systems  A1  on  SiC>2 

Layer  Thickness  t  0 .  lu.  A1 

Contact  Material :  A1 

Resistor  Materials  A1 

Ambient:  Dry  M2 

Initial  Resistances  73  ohms 

Measured  With!  Resistance  Bridge 


Time 

in 

Hours 

_ 350 °c  r _ 

_ 250°C _ 

_ 150  °C _ i 

_ to _ 

Ohms 

to 

to 

15 

52 

- 

- 

30 

110 

- 

- 

- 

- 

137 

- 

- 

0 

0 

0 

300 

124 

170 

- 

- 

- 

- 

437 

- 

“  - 

2 

2.7 

0 

0 

Table  3 

Change  in  Resistance  of  A1  on  P205-S102 
Measured  on  Delineated  Resistors 

conditions 

Metal  System:  A1  on  P2°5*Si02 
Layer  Thickness:  O.lp,  A1 
Contact  Material :  A1 
Resistor  Materials  A1 
Ambient:  Dry  N2 
Initial  Resistance:  131  ohms 
Measured  With:  Resistance  Bridge 


Time 

in 

Hours 

_ 350°C _ 

_ 250°c _ 

150 

°c 

Ohms 

to 

to 

Ohms 

to 

30 

17 

13 

-2 

-2 

-1 

-0.8 

94 

11 

8 

- 

- 

■  - 

300 

32 

24 

1 

0.8 

0 

0 

600 

35 

26 

11 

8.4 

0 

0 
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Colteryan  and  Kersey14,  in  a  study  of  Au  bonds  to  Au 
totalizations,  showed  that  gold  diffuses  out  of  the  bond 
and  along  the  totalization  stripe.  They  pointed  out  that 
aluminum  would  also  seem  to  have  diffused  into  the  bond 
region,  as  the  total  thickness  of  the  intermetallic  layer 
was  greater  in  bonds  having  external  aluminum  than  with 
bonds  with  A1  under  the  bond  only. 


SUMMARY  AND  CONCLUSIONS 

Both  the  lateral  diffusion  of  aluminum  totalization 
and  the  reaction  of  A1-S102  have  been  observed  on  devices 
subjected  to  both  very  long  duration  storage  testing  con¬ 
ducted  at  moderate  temperatures,  and  short  duration  storage 
testing  conducted  at  high  stress  temperatures.  The  end 
result  in  both  cases  is  that  the  conductive  metalization  is 
reduced  in  cross  sectional  area  due  to  the  formation  of 
voids  in  the  metalization.  The  severity  of  these  phenomena 
is  apparently  a  function  of  time,  temperature,  metalization 
thickness,  and  proximity  to  gold  nailhead  bonds. 

The  same  type  of  phenomenon  has  been  observed  on 
devices  subjected  to  high  stress  operating  tests.  The 
phenomenon,  as  it  occurs  on  devices  subjected  to  operating 
tests,  is  somewhat  preferential  in  that  it  normally  appears 
at  (1)  metalization  constrictions  which  have  been  demon¬ 
strated  through  temperature  measurements  made  with  the  high 
resolution  Thermal  Plotter  to  be  areas  of  high  localized 
operating  temperature,  or  (2)  over  areas  on  an  operating 
device  where  the  localized  temperature  is  high  because  of 
high  power  dissipation  in  that  area. 

On  operating  devices,  the  phenomenon  is  self- 
accelerating  in  that  the  lateral  diffusion  of  the  metaliza¬ 
tion  from  an  area  reduces  the  cross  section  and  thereby 
increases  the  electrical  resistance  and  decreases  the 
thermal  conductivity.  The  increased  resistance  further 
elevates  the  localized  temperature  and  increases  the  rate 
of  the  phenonmenon. 

The  Al-Si02  reaction,  known  to  occur  quite  rapidly  at 
temperatures  in  excess  of  500 °C,  apparently  also  proceeds  at 
a  much  slower  rate  at  temperatures  in  the  vicinity  of  200°C. 
On  test  vehicles  stored  at  550 °C  for  15  hours,  the  reaction 
has  occurred  sufficiently  to  effect  an  ohmic  path  through  a 
ly,  Si02  layer  between  the  metalization  and  the  substrate, 
ttie  shorting  has  also  occurred  through  a  0.03|i  Si02  layer 
on  a  test  vehicle  after  20  minutes  of  storage  at  550 °C. 

There  has  not  been  any  evidence,  however,  of  this  reaction 
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proceeding  far  enough  to  cause  shorting  on  any  devices 
fabricated  as  products  by  Philco,  even  after  extended 
storage  at  350°C. 

The  reaction  of  A1  with  Si  to  form  the  Si-Al  eutectic 
has  been  induced  by  forcing  very  hi$i  current  through  back- 
biased  junctions  on  silicon  planar  microcircuits.  The 
reaction  results  in  either  shorting  the  junction  or  opening 
the  metalization;  the  conditions  at  which  this  phenomenon 
has  been  observed  are  extreme  and  would  not  occur  on  devices 
operated  within  their  ratings. 

Present  knowledge  of  reliability  limitations  of 
A1-S102  metalization  systems,  and  of  degradation  mechanisms, 
while  not  complete,  permits  consideration  of  possible  means 
for  improving  device  and  circuit  reliability.  Several 
specific  approaches  which  continue  to  utilize  the  advantages 
of  aluminum  include t 

1.  Use  of  a  barrier  layer  between  the  A1  and 
the  Si02, 

2.  Use  of  multiple  coil  evaporators  to  insure 
good  coverage  of  steps  resulting  from 
photoengraving, 

3.  Lateral  migration  of  A1  may  be  reduced  by 
a  suitable  A1  oxidation  step, 

4.  Deposition  of  an  amorphous  oxide  layer  over 
the  wafer  surface  to  reduce  both  lateral 
migration  and  the  tendency  of  A1  to  be 
scratched  during  wafer  processing, 

5.  Elimination  of  sharp  corners  in  conductive 
metalizations  to  avoid  localized  hot  spots 
due  to  high  current  densities  at  these 
points . 

Although  not  all  of  the  reliability  limitations  of 
Al-Si02  have  been  evaluated,  Ihilco  Corporation  is  process¬ 
ing  and  evaluating  devices  and  structures  fabricated  using 
a  number  of  these  suggested  approaches  for  greater 
reliability. 
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THE  ROLE  OF  METALLOGRAPHY  IN  THE  ANALYSIS  OF 
FAILURES  OF  ELECTRONIC  COMPONENTS 


William  C-  Coons 


Lockheed  Missiles  &  Space  Company, 
3251  Hanover  Street 
Palo  Alto,  California 


INTRODUCTION 

Historically,  optical  microscopy  has  played  a  major 
role  in  determining  the  causes  of  failures  of  materials  of 
construction  and  of  fabrication,  for  instance,  automotive 
parts,  aircraft  components,  and  tools  and  dies.  The  study 
of  failures  in  this  area  has  been  relatively  simple  in  that 
specimens  are  generally  of  fair  size;  only  one  basic  materia, 
is  involved,  e.g. ,  steel,  aluminum,  copper;  and  the  specimen 
preparation  techniques  are  not  particularly  difficult  since 
they  are  well  established. 

Today,  however,  in  the  electronic  industries,  failures 
occur  in  extremely  small  components.  These  components  con¬ 
sist  of  several  combined  materials  having  widely  different 
characteristics  pertaining  to  mounting,  grinding,  polishing, 
and  etching.  The  difficulties  encountered  in  preparing 
specimens  frequently  have  resulted  in  improperly  prepared 
samples  from  vhich  no  information  or  misleading  information 
has  been  obtained.  When  this  happens,  discontinuance  of 
microscopic  analysis  usually  follows.  This  must  not  happen 
because,  in  addition  to  the  determination  of  the  actual 
causes  of  failure,  the  basic  microstructures  of  electronic 
component  materials  must  be  revealed  and  understood  in  order 
to  predict  other  potential  sources  of  failure. 

Kehl  in  his  standard  reference  book  on  metallographic 
laboratory  practices  has  stated,  "It  has. been  only  through 
diligent  study  of  metals  microscopically  that  many  perplexim 
problems  of  physical  metallurgy  have  been  solved  and  it  may 
be  safely  predicted  that  the  contributions  that  will  be  made 
to  the  field  of  physical  metallurgy  in  the  future  will  de¬ 
pend  in  part,  or  solely,  upon  structural  evidence  revealed 
by  the  microscope." 
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Thus,  a  dilemma  exists.  It  becomes  apparent  that 
within  the  framework  of  the  physics  of  failure  concept  in 
electronics,  microscopic  study  mu3t  be  pursued.  The  ques¬ 
tion  remains:  how  to  do  it  properly  so  that  a  yield  of 
maximum  information  is  produced. 

PRIME  CONSIDERATIONS  . 

Since  the  electronic  engineer  is  beginning  to  rely 
more  heavily  on  the  microscopist,  a  closer  relationship  must 
exist  between  the  two  in  order  that  their  respective  prob¬ 
lems  can  be  better  resolved.  To  illustrate,  the  following 
situation  is  cited.  A  metallographic  examination  was  re¬ 
quested  on  several  integrated  circuits.  The  electronic  engi¬ 
neer,  not  understanding  the  ultimate  problems  of  the  metal¬ 
lographer,  cemented  the  encased  circuits  to  a  glass  plate  so 
that  the  case  surface  could  be  removed  by  grinding.  The 
cement  used  was  Eastman  910.  The  glass  plate,  containing 
four  exposed  circuits,  was  presented  to  the  metallographer 
for  study.  With  considerable  difficulty  the  circuits  were 
pried  loose  from  the  glass  plate  with  a  razor  blade  prepara¬ 
tory  to  individual  mounting  in  epoxy.  When  polished  speci¬ 
mens  revealed  extensive  cracking  of  the  silicon  wafers,  the 
metallographer's  fears  were  founded;  the  circuits  were 
severely  damaged  during  removal  from  the  glass  plate,  and  no 
definite  or  reliable  interpretations  could  be  made  regarding 
the  integrity  of  the  Observed  joints  or  substrates. 

While  all  microscopists  are  confident  of  their  techni¬ 
ques  and  their  ability  to  perform  them,  it  becomes  more 
apparent  with  each  investigation  that  improvements  are  needed 
in  this  area.  Because  of  the  smallness  and  fragility  of 
many  of  the  current  electronic  components,  pitfalls  are  en¬ 
countered  at  every  stage  of  handling  and  preparation.  Pres¬ 
sureless  mounting,  careful  fine  grinding,  elimination  of 
embedded  grit,  maintenance  of  flat  interfaces,  and  freedom 
from  coarse  scratches  are  mandatory  before  one  can  safely 
interpret  what  is  revealed. 

_ AH  of  these  techniques  of  preparation  require  the 

greatest  need  of  the  microscopist.  This  need  is  time. 

Whereas  a  sample  of  steel  can  be  prepared  in  an  hour,  it  may 
take  two  or  three  days  for  proper  preparation  of  the  cross 
section  of  a  small  integrated  circuit,  lead  wire  joint. 

SUGGESTED  PREPARATION  TECHNIQUES 

In  the  metallographic  laboratory  of  the  Lockheed 
Missiles  &  Space  Company's  Research  Division,  the  following 
steps  are  taken  to  prepare  samples: 

Step  1.  All  samples  are  mounted  in  Maraset  epoxy  resin,  a 
clear,  moderately  low-temperature  setting  material .  Mounting 
is  performed  in  two  ways.  If  the  components  and  associated 
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films  are  of  known  sufficient  thickness,  90-degree  cross 
sections  through  pertinent  areas  are  exposed  at  or  near  the 
surface  of  the  mount.  When  the  components  and  associated 
films  are  very  small  and  extremely  thin,  taper  sections  are 
prepared  with  angles  of  exposure  on  the  order  of  5  to  6  de¬ 
grees,  which  yields  a  "mechanical"  magnification  of  10  to  12 
in  a  direction  normal  to  the  cross-sectional  trace. 

Step  2.  Grinding  is  performed  by  hand  only  on  600-grit  SiC 
wet  or  dry  papers.  When  lead  wire  Joint  cross  sections  are 
to  be  studied,  the  sample  is  examined  under  a  binocular 
microscope  after  every  few  strokes  of  grinding  to  determine 
when  the  joint  area  has  Just  been  reached.  At  this  point, 
polishing  steps  are  started. 

Step  3.  Rough  polishing  is  performed  automatically  on  the 
back  side  of  a  slipper-eatin  cloth  impregnated  with  1-micron 
diamond  paste.  The  sample  is  polished  with  a  240-gram  weigh 
until  the  desired  cross  section  is  almost  obtained.  Fre¬ 
quent  examinations  are  required. 

Step  4.  Final  polishing  is  done  automatically  on  Microcloth 
using  Cex-Cre  Metallographic  Polishing  Abrasive.  Generally 
a  light  weight  -  about  140  grams  -  is  employed  and  polishing 
should  not  be  prolonged;  otherwise,  excessive  relief  will 
result.  Grit,  embedded  in  the  soft  phases,  and  fine  scratch 
are  almost  impossible  to  eliminate  entirely  without  causing 
excessive  relief  at  the  interfaces  between  the  materials 
varying  widely  in  hardness  or  abrasive  resistance. 

Step  S.  In  all  the  investigations  performed  in  this  labora¬ 
tory,  examinations  were  made  using  bright  field  and  polarize 
light  illumination  on  unetched  samples.  When  the  polishing 
was  performed  properly,  no  etching  was  necessary. 

ILLUSTRATIVE  AREAS  AMD  RESULTS 

To  illustrate  the  role  of  metallography  in  the  analy¬ 
sis  of  failures  of  electronic  components,  three  examples 
will  be  presented.  These  examples  will  show  the  results  of 
a  nondestructive  type  of  examination,  a  90-degree  cross- 
section  examination,  and  a  taper  section  study. 

(1)  Nondestructive  Examination  of  a  PbS  Infrared  Detector 

An  instance  was  encountered  where  PbS  infrared  detec¬ 
tors  were  unpredictable  in  regard  to  sensitivity  and  noise 
levels  when  subjected  to  temperature  variations.  One  of 
these  detectors  and  its  pertinent  regions  is  illustrated  by 
Figure  1.* 

By  inverting  one  of  the  detectors  onto  the  stage  of  a 
Bausch  and  Lomb  Research  Metallograph  equipped  with  a 


•The  magnification  shown  for  all  figures  is  that  preceding 
an  0.75  reduction  by  the  printer. 
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carbon-arc  light  source,  examination  of  the  lead  wire  joints 
could  be  made.  While  examining  the  Joints,  movement  was 
noted  within  one  of  the  Joint  areas.  From  experience  it 
was  known  that  incompletely  cured  plastic  and  some  thermo¬ 
plastic  materials  could  be  affected  by  the  small  amount  of 
heat  passing  through  the  optics  of  the  microscope  from  the 
carbon-arc  light  source.  In  this  case,  the  lead  wires  had 
been  cemented  into  a  V-notch  in  a  quartz  substrate  by  a  con¬ 
ductive,  metal lie-filled  plastic  paste,  nils  conductive 
paste  then  provided  contact  between  the  lead  wire  snd  gold 
conductive  film.  Apparently  the  plastic  in  the  paste  was 
not  completely  cured  or  it  was  a  thermoplastic  type  which 
became  plastic  above  some  elevated  temperature. 

An  experiment  was  conducted  wherein  a  joint  was  chilled 
to  10*C.  While  at  this  temperature,  the  Joint  was  photo¬ 
graphed  and  its  appearance  is  shorn  in  Figure  2.  The  ma¬ 
terial  appeared  solid,  it  was  aeverly  crazed,  and  no  evidence 
of  movement  was  observed.  After  the  Joint  had  been  allowed 
to  become  stabilized  at  the  temperature  produced  by  the 
carbon-arc  light  source,  it  was  again  photographed  and  its 
appearance  is  illustrated  by  Figure  3.  The  temperature  in 
this  instance  was  determined  to  be  41* C.  The  craze  pattern 
was  still  evident  and  some  minute  evidence  of  plastic  flow 
was  noted. 

When  the  temperature  of  the  joint  was  raised  to  50* C, 
the  characteristics  of  the  joint  changed  completely.  The 
craze  pattern  disappeared,  minute  air  entrapments  coalesced, 
and  the  plastic  became  more  transparent.  These  changes  are 
shown  in  Figure  4. 

Obviously  any  movement  of  the  conductive  media  around 
the  joint  lead  wire  might  be  expected  to  produce  detector 
noise.  If  the  metal  in  the  paste  settled,  by  gravitation, 
away  from  the  lead  wire  when  the  plastic  was  fluid,  com¬ 
plete  failure  of  the  device  could  occur. 

(2)  Examination  of  90-Degree  Cross  Sections  Through  Gold  to 
Aluminum  Thermocompression  Bonds  on  Silicon  Transistors 

Owing  to  apparent  random  failures  of  TC  gold  to  alumi¬ 
num  bonds,  studies  were  undertaken  to  determine  possible 
modes  of  failure.  An  understanding  of  the  modes  of  failure 
was  needed  to  suggest  methods  of  improving  the  reliability 
of  these  parts. 

In  this  instance,  90-degree  cross  sections  were  pre¬ 
pared  because  the  size  of  the  joints  was  large  enough  to 
permit  this  type  of  examination.  One  of  the  transistors  is 
shown  in  Figure  5. 

Others^'  ^  have  reported  failures  of  this  type  of  joint 
due  to  fracture  along  interfaces  of  brittle  intermetallic 
phases,  through  these  brittle  phases  as  a  result  of  stresses 
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Figure  1 

Photograph  of  PbS  IR  Detector  Showing  Lead  Connections.  50x 


Figure  2 

Photomicrograph  of  PbS  IR  Detector  Lead  Wire  Joint 
Area  at  10*C.  250x 
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Figure  4 


Photomicrograph  of  PbS  IR  Detector  Lead  Wire  Joint 
Area  at  50*C.  250x 
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originating  at  notches  formed  around  the  periphery  of  the 
joints v-  and  through  void  formations  existing  along  inter- 
metallic  compound  interfaces  as  a  result  of  the  Kirkendall 
effect.  All  of  these  failure  mechanisms  were  postulated  on 
the  basis  of  metallographic  studies. 

Colteryahn  et  al.  have,  by  etching  techniques  and 
microprobe  analyses,  identified  three  phases  existing  in  the 
gold  to  aluminum  bonds,  namely,  AU4AI,  AU5AI2,  and  AuoAl. 
Without  the  sophisticated  microprobe  facility  and  with  no 
knowledge  of  the  etching  techniques  or  findings  of  these 
investigators,  this  study  relied  principally  on  the  examina¬ 
tion  of  well-polished  surfaces,  color  of  the  phases,  the 
characteristics  of  the  phases  under  polarized  light,  and 
very  high  magnification  examinations  up  to  3000x.  A 
knowledge  of  the  equilibrium  phase  diagram  of  the  Au-Al 
system  and  of  the  crystal  structures  of  reported  phases  was, 
of  course,  essential. 

Figure  6  is  a  photomicrograph  of  a  joint  cross  section 
in  the  as-polished  condition  and  with  hardness  indentations 
in  the  various  regions.  Two  distinct  phases  can  be  seen 
between  the  soft  gold  button  and  the  hard  silicon  wafer. 

When  this  surface  is  viewed  under  polarized  light  (Figure  7) , 
it  can  be  seen  that  the  phase  in  contact  with  the  gold  was 
isotropic,  the  cubic  phase  AU4AI,  and  the  phase  in  contact 
with  the  silicon  substrate  was  quite  anisotropic,  the  hexa¬ 
gonal  AU5AI2  phase.  In  this  instance  no  AU2AI  was  noted  and 
only  very  minute  amounts  of  the  pink  phase  AuAl2  were  observed 
at  the  aluminum  interface.  The  AuAl2  which  existed  in  this 
cross  section  was  not  easily  Been  at  600x. 

Another  Joint,  which  was  found  to  be  broken,  is  shown 
in  the  composite  photomicrograph  of  Figure  8  which  was 
photographed  at  3000*  in  the  as-polished  condition.  A  gold 
region  is  indicated  by  1,  a  small  zone  of  AU4AI  by  2,  a  large 
region  of  A.  ^Al  by  3,  and  a  small  layer  of  possibly  AU2AI 
by  4.  Under  ath  this  layer  (4)  and  to  the  right,  massive 
pink  AUAI2  interspersed  with  remaining  aluminum  was  ob¬ 
served. 


The  thickness  of  the  aluminum  film  (extreme  left)  was 
determined  to  be  5.7  microns,  and  some  of  the  pink  AUAI2 
phase  existed  at  the  aluminum  Joint  interface  on  this  side. 

A  large  void  was  observed  under  the  massive  AU5AI0 
along  the  silicon  substrate.  All  the  observations  disclosed 
that  this  Joint  was  improperly  made  and  would  be  expected  to 
have  very  poor  integrity. 

The  existence  of  periphery  notches  and  voids  and  of 
interfacial  porosities  was  noted  on  many  of  the  joint  cross 
sections  that  were  prepared.  Manifestations  of  these  types 
of  potential  failure  origin  locations  are  illustrated  by 
Figures  9  and  10. 
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Figure  5 


Photograph  of  Silicon  Transistor  Showing  Gold  Lead  Wire  to 
Aluminum  Film  Joints.  lOOx 


Figure  6 

Cross  Section  Through  Gold  to  Aluminum  Joint  on  Silicon  Sub 
strate.  Bright  Field  Illumination.  lOOOx 
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Figure  7 

Cross  Section  Through  Gold  to  Aluminum  Joint  on  Silicon 
Substrate.  Polarized  Light.  lOOOx 


Figure  S 

Composite  Photomicrograph  Through  a  Broken  Gold  to 
Aluminum  Joint  on  Silicon  Substrate.  3000x 
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Figure  9 


:ross  Section  Through  Gold  to  Aluminum  Joint  on  Silicon 
Substrate  Showing  Peripheral  Notch.  3000x 


Figure  10 


:ross  Section  Through  Gold  to  Aluminum  Joint  on  Silica 
Substrate  Showing  Minute  Porosities  Along  Au^Al  and 
AU5AI2  Interface.  3000x 


41 


As  can  be  noted  from  the  photomicrographs  presented 
in  this  section,  the  existence  of  brittle  phases,  phase 
identifications,  periphery  notches,  and  interface  voids  was 
^revealed  and  established  on  as-polished  surfaces  and  in 
some  instances  at  very  high  magnification. 

(3)  Taper  Section  Studies  of  Gold,  Molybdenum,  and  Silica 
Films  on  Silicon  Substrates  and  of  a  Gold  to  Aluminum 
Joint 

Since  the  limit  of  resolution  of  the  finest  metallog- 
raphic  equipment  is  on  the  order  of  0.25  microns,  it  is 
necessary  to  magnify  thin  film  thicknesses  mechanically. 

This  is  performed  by  providing  a  cross  section  of  the  film 
planes  at  such  an  angle  to  the  planes  that  the  cosecant  of 
the  angle  would  be  sufficiently  large  to  render  the  films 
sufficiently  optically  thick  that  they  could  be  measured. 

However,  there  are  limitations  in  this  approach  which 
influence  the  accuracy  of  the  measurements  and  must  be  taker- 
into  consideration.  It  is  very  difficult  to  mount  and  pr* 
pare  specimens  and  maintain  a  preconceived  angle,  and  thur 
it  is  better  to  determine  the  angle  from  the  specimen  geom¬ 
etry  after  the  specimen  has  been  prepared.  The  accuracy  of 
the  method  of  determination  of  the  angle  has  tremendous 
influence  on  the  accuracy  of  the  measurements  of  the  films. 
The • following  methods  were  used  in  the  determination  of 
thicknesses  of  gold,  molybdenum,  and  silica  films  on  silicon 
substrates. 

Method  1.  A  wafer  was  placed  face  down  in  the  bottom  of  a 
potting  mold  with  one  end  supported  by  a  length  of  29-gage 
copper  magnet  wire  running  transversely  across  the  end  of 
the  wafer.  The  unit  was  then  vacuum  mounted  in  Maraset 
epoxy  resin.  After  grinding  and  polishing,  the  determina¬ 
tion  of  the  angle  was  made  by  the  following  measurements 
which  could  be  ascertained  optically. 

Let  A  =  distance  from  the  wafer  surface  intercept 
to  the  nearest  intercept  of  the  wire, 

C  =  width  of  the  exposed  section  of  wire, 

D  =  diameter  of  the  wire, 

L  =  width  of  the  exposed  film  section, 

T  =  true  thickness  of  the  film. 

Then 
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i-A.  ... 


This  method  is  reasonably  accurate  for  the  specimen 
as  a  whole.  However,  slight  relief  effects  from  polishing 
dissimilar  materials  can  alter  the  angle  at  the  point  where 
the  measurements  are  made. 


Method  2.  A  simpler  and  perhaps  more  locally  accurate 
method  is  as  follows.  The  wedge  of  translucent  epoxy  formed 
by  the  surface  of  the  specimen  and  the  polished  surface  of 
the  mount  will  exhibit  an  interference  pattern  as  shown  in 
Figures  11  and  12.  In  Figure  12  a  P-N  junction  between  the 
molybdenum  and  the  silicon  is  visible.  No  explanation  for 
the  junction's  being  visible  in  the  as-polished  condition 
was  obtained.  Since  a  black  band  exists  at  every  one-half 
wavelength  (i.e.,  0,  1/2,  1,  1-1/2,  etc.),  then  the  follow¬ 
ing  relation  holds  if  the  wavelength  of  the  incident  light 
is  known: 

Let  T  =  true  thickness, 

L  =  width  of  the  exposed  film  in  microns, 

N  *  number  of  extinctions  per  distance  D 
(microns), 

1  =  wavelength  of  incident  light. 

Then 


The  angles  and  thicknesses  of  the  films  on  the  gold- 
molybdenum  integrated  circuit  were  determined  to  be  as 
follows: 

Method  1.  The  angle  was  5-degrees  43  minutes,  with  a  magni¬ 
fication  factor  of  10.039.  Thickness  values  (in  microns) 
were: 
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Figure  11 

Taper  Section  Through  SiO,,  Mo,  and  Au  Layers  Dapc  • tad  on 
Silicon  Wafer.  500x 


Figure  12 

Taper  Section  Through  Si02,  Mo,  and  Au  Layers  Deposited  on 
Silicon  Wafer.  Note  P-N  Junction  Visible  in 
As-Polished  Condition.  500x 
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Au  -  1.253 
Mo  -  0.148 
Mo  over  Si  -  0.128 
Junction  depth  -  0.690 

Method  2.  The  angle  was  6  degrees  10  minutes,  with  a  magni¬ 
fication  factor  of  9.309.  Thickness  values  were: 

Au  -  1.542 
Mo  -  0.160 
Mo  over  Si  -  0.134 
Junction  depth  -  0.752 

• 

It  is  reemphasized  that  metallography  should  play  an 
increasing  and  continuing  role  in  the  study  of  failures  and  of 
the  ultimate  production  of  highly  reliable  electronic  com¬ 
ponents.  To  be  fruitful,  however,  greater  care  in  the  pre¬ 
paration  of  specimens  and  the  development  of  new  preparation 
techniques  is  of  utmost  importance.  Metallographers  need  to 
learn  the  function  of  electronic  components  and  to  under¬ 
stand  the  materials  problems  of  the  electronic  engineer;  and 
for  this  learning  and  for  technique  development,  he  must  be 
afforded  more  time. 
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ANALYSIS  OP  SEVEN  SEMICONDUCTOR  METALLURGY  SYSTEMS 


USED  ON  SILICON  PLANAR  TRANSISTORS 


William  H.  Gianelle 

Grumman  Aircraft  Engineering  Corporation 
Bethpage j  Long  Island,  New  York 


I  INTRODUCTION 

Based  upon  an  Intense  study  of  referenced  materials  and 
the  experience  of  the  author,  two  metallurgical  systems  are 
recommended  for  improved  reliability  of  Bilicon  planar  tran¬ 
sistors.  These  comprise  one  each  for  S102  protected  transis¬ 
tors  with  extended  and  nonextended  contacts.  A  third  sys¬ 
tem  for  glassed  transistors  would  have  been  recommended; 
however,  this  system  is  considered  proprietary. 

The  body  of  this  paper  Is  divided  into  4  sections; 
Section  II  discusses  wedge  ball  versuB  thermocompression 
bonding.  Section  III  defines  an  electrical  failure.  Section 
IV  discusses  the  failure  mechanisms,  and/or  potential  prob¬ 
lems  of  the  seven  metallurgical  systems  listed  below: 


Land 

Metallization 

Wire 

Thermo - 
compression 
Bond 

Contact 

System 

Manufacturers 

A1 

Au 

wedge 

NE* 

IBM,  GE 

ball  _ 

NE 

Fch,  TI 

Au 

Au 

wedge 

NE 

Motorola 

A1 

Ag 

wedge 

NE 

IBM 

Ag 

Au 

wedge 

NE 

IBM 

A1 

A1 

wedge 

NE 

Sylvania 

CrAg 

Au 

ball 

E** 

Philco 

MoAu 

Au 

ball 

E 

TI 

*  Nonexpanded  contact  system 
**  Expanded  contact  system 
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And  Section  V  defines  the  recommended  systems. 
II  WEDGE  VERSUS  BALL  THERMOCOMPRESSION  BONDS 
A.  Wedge  Bonds 


Wedge  bonding  is  accomplished  by  using  a  very  small 
chisel  whose  tip  is  appropriately  shaped  to  apply  pressure 
to  a  small  wire  properly  located  on  the  metal  film  contact 
which  has  been  heated  to  the  bonding  temperature  (Figure  l) 
This  type  of  bond  requires  individual  registration  of  the 
stripe,  wire,  and  bonding  tool  during  bonding.  The  end 
result  is  a  bond  formed  by  a  deformed  and  weakened  wire. 

If  the  chip  is  not  parallel  with  the  header,  three 
possibilities  exist:  (1)  further  pinching  of  the  wire  at 
the  neck,  (2)  a  poorer  contact,  or  (3)  a  cracked  chip.  Any 
or  all  of  these  possibilities  could  go  undetected  through 
the  manufacturers  screening  process . 

The  usefulness  of  wedge  bonding  is  limited  to  a  small 
geometry  devices. 


Figure  1 

Wedge  Bonding  Technique 


B.  Ball  Bonds 

Bonding  of  this  type  is  effected  by  threading  the  wire 
to  be  bonded  through  a  quartz  or  tungsten  carbide  thick- 
walled  capillary;  the  capillary  tapers  to  a  small  annulus  of 
a  few  mils  diameter  on  the  outside.  The  tube  Is  mounted  in 
a  suitable  mechanical  fixture  so  that  it  can  be  moved  verti¬ 
cally  to  apply  pressure  to  the  ball  formed  on  the  end  of  the 
wire  by  passing  a  flame  over  it  and  melting  it.  The  wire 
fed  from  a  roll  is  free  to  move  In  the  capillary.  Bonding 
is  effected  by  lowering  the  capillary  annulus  onto  the  ball 
and  applying'  pressure  while  at  the  same  time  applying  heat 
(Figure  2).  The  capillary  is  then  withdrawn  an  appropriate 
distance  and  the  flame  is  again  used  to  sever  the  wire.  The 
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header  is  withdrawn  from  the  bonder  and  the  bonded  leads , 
which  are  free  at  one  end,  are  welded  with  a  microwelder  to 
the  gold  plated  kovar  stems  on  the  header. 


Figure  2 

Ball  Bonding  Technique 


With  the  advent  of  the  metal-over-oxide  technique, 
ball  bonding  to  high-frequency  small-stripe  transistors  no 
longer  presents  a  problem.  ThiB  takes  the  edge  off  the 
wedge  bonds  one-time  advantage — that  is,  bonding  directly  to 
small  geometries. 

Ball  bonding1  is  the  most  popular  method  of  lead 
attachment  in  silicon  devices.  This  type  of  attachment  pre¬ 
dominates  in  the  industry  mainly  because  of  its  high  speed, 
economy,  versatility,  strength,  and  reliability2,3.  Gold 
wire  is  almost  ideally  suited  for  this  technique^. 

Ill  ELECTRICAL  FAILURE  CRITERIA 

Intermetallic  problems  can  be  detected  by  monitoring 
the  forward. voltage  drops  of  each  Junction  during  life 


1'  0.  L.  Anderson,  H.  Christensen  and  P.  Andreatch, 

Journal  of  Applied  Physics,  vol.  28,  p.  923  (1957). 

O 

*  I.  A.  Lesk,  Semiconductor  Products,  I,  p.  32  (1964) 

3'  E.  Keonjian,  Microelectronics ,  p.  298  (McGraw-Hill, 
New  York  1963 ) .  . 

A.  Cohn,  Semiconductor  Products,  VII,  p.  18  (1964). 
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testing.  A  50  mv  increase  at  100  ma  for  both  the  emitter- 
base  and/or  collector-base  diode  forward  voltage  drop  was 
considered  a  failure.  Any  device  which  exhibited  this 
increase  was  submitted  to  a  failure  analysis  group.  Figure 
3  shows  how  the  forward  voltage  drop  increases  with  an  inter- 
metallic  problem.  As  can  be  seen,  the  problem  is  more 
easily  detected  at  higher  current  levels. 


Vp  (Vior  to  Testing 

How  Vp  Increases 

w  hen  Affected  by 
Intel-metallic* 


-Figure  3 

Forward  Voltage  Failure  Criteria 


IV  FAILURE  MECHANISMS  AND/OR  POTENTIAL  PROBLEMS  OF  THE 
SEVEN  METALLURGICAL  SYSTEMS 

Seven  metallization  systems  of  various  manufacturers 
have  been  evaluated.  They  were  packaged  in  TO-5,  TO-18,  or 
TO -46  cans. 

A.  Aluminum  Metallization  -  Gold  Wire 


Initially  it  was  felt  that  the  purple  phase,  AuAl2, 
was  responsible  for  the  failure  of  bonds  on  silicon  planar 
transistors  using  the  gold.-to -aluminum  system.  This  is  not 
the  case.  The  results  of  a  Bell  Laboratories  experiment  in 
1962  indicate  that  the  problem  is  with  the  tan  phase  AU2AI. 
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The  results  of  this  experfment5  are  as  follows 


Properties  of  AuAl2  &  AU2AI 

Property 

AuAl2 

AugAl 

Color 

Purple 

Tan6 

Electrical 

Conductivity 

High 

Poor 

Mechanical 

Strength 

Strong 

Brittle 

Conditions  of 
Formation 

Heat 

Heat,  sili¬ 
con  as 
catalyst 

The  author's  test  experience  on  devices  with  3000, 

7000,  or  12,000A  of  aluminum  metallization  is  summarized 
below.  The  results  verify  the  tan  phase  being  the  problem. 

3000A  Group.  The  tan  phase  was  not  generated  by  either 
a  1000-hour  150"C  or  300°C  bake  on  two  separate  groups  of 
units  with  3000A  of  aluminum.  The  purple  phase  and  black 
growth  appeared  around  the  periphery  of  the  bonds  in  the 
300°C  group  as  shown  in  Figure  4.  However,  there  were  no 
significant  increases  in  the  forward  voltage  drops  in  either 
group.  The  black  growth  is  formed  by  gold  diffusion  from 
the  bond,  out  over  the  aluminum  film.  The  rate  of  diffusion 
is  both  time  and  temperature  dependent. 


Side  View 


Top  View 


Figure  4 


Purple  Phase  Forms  On  Au  Wire  Wedge  Bonded 
To  3000A  Of  A1  After  Being  Subjected  to  300°C  for  1000  hours 


5- 


John  Haenlchen,  Motorola  Integrated  Circuit  Design 

f  n  \  — - “ -  — 1 


Course,  Sec.  6,  p.  8  (1963)” 


50 


After  the  300°C,  1000  hour  bake,  this  group  was  sub¬ 
jected  to  ten,  2000  g,  0.5  millisecond  blows  followed  by  ten, 
3000  g,  0.2  millisecond  blows.  The  force  was  applied  in  the 
y-^  direction.  There  were  no  opens. 

7000A  Group.  Both  the  white  and  tan  phases  appeared 
in  some  Units  subjected  to  150®C  for  1000  hours.  The  white 
phase  was  assumed  to  be  Au^Al.  Not  enough  was  present  to 
chemically  verify  this  assumption.  The  white  phase  appeared 
near  the  gold  lead,  the  tan  near  the  silicon  interface,  as 
shown  in  Figure  5- 

12, OOOA  Group.  The  tan  phase  was  generated  on  units 
subjected  to  150°d  for  1000  hours.  The  emitter-base  and/or 
collector-base  forward  voltage  drops  increased  50  mv  or 
more.  When  sectioned,  the  tan  phase  appeared  as  shown  in 
Figure  6.  The  results  of  a  pull  test  experiment  on  the 
remainder  of  this  lot  are  as  follows: 


before  150  hrs.  350  hrs. 

bake _ 150°C _  150°C 

6.0  gms  6.0  gms  4.5  gms 

Before  the  bake  the  wire  broke.  At  350  hrs.  the  bonds 
started  to  break  due  to  the  tan  phase.  Another  group  was 
subjected  to  300°C  storage.  After  350  hours  there  were  no 
bonds . 


The  following  is  proposed  as  the  mechanism  for 
Increased  forward  voltage  drops.  Since  the  interface  be¬ 
tween  the  relatively  pure  gold  and  the  tan  phase  is  a  region 
of  high  dislocation  density,  the  gold  diffuses  from  this 
area  into  the  pure  aluminum  lands,  producing  porosity  and 
voids,  increasing  the  forward  voltage  drops,  and  eventually 
opening . 

Grain  Boundary  Problem.  There  is  a  grain  boundary 
problem  using  small  diameter  (0.4,  0.5  mil;  gold  wire  as  a 
means  of  interconnecting  the  chip  to  the  header  posts.  After 
a  300°C  bake,  the  wire  will  slip  into  sections,  as  shown  in 
Figure  7.  This  is  one  reason  why  the  largest  possible 
diameter  gold  wire  should  be  used  for  Interconnections.  The 
other  is  greater  pull  strength. 

Conclusions .  Intermetallic  formation  can  be  elimina¬ 
ted  under  the  bonds  by  controlling  the  amount  of  aluminum 
metallization  on  the  chip. 
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GOLD  WIRE 


WHITE  PHASE 


ALUMINUM 


TAN  PHASE 


^-SILICON 
INTERFACE 


Side  View 


Figure  5 

White  And  Tan  Phases  Form  On  Au  Wire  Wedge  Bonded  To 
700QA  Of  A1  After  Being  Subjected  To  150°C  For  1000  Hours 


Side  View 


Figure  6 

Tan  Phase  Forms  On  Au  Wire  Wedge  Bonded  To  12,000A 
Of  A1  After  Being  Subjected  to  150°C  For  1000  Hours 


BLOWN  UP  VIEW 


Figure  7 

Grain  Boundary  Slippage 


B.  Gold  Metallization  -  Gold  Wire 


Gold  metallization  results  in  the  following  three 
problem  areas: 

•  The  low  Au-Sl  eutectic  temperature  (370°C) 
makes  the  gold  metallized  units  far  more  sus¬ 
ceptible  to  damage  as  a  result  of  hot  spots 
than  the  Al-oi  (577°C)  system. 

•  Gold  does  not  reduce  the  residual  oxide  on  the 
silicon  surface,  which  is  necessary  to  make  a 
good  ohmic  contact. 6 

•  Gold  diffuses  into  silicon  very  rapidly  during 
the  metallization  of  the  chip  and  again  during 
the  wire  bonding  operation,  softening  the 
breakdown  voltages.  Depending  upon  how  the 
devices  are  being  life  tested  or  used,  they 
could  end  up  shorted. 

Two  manufacturers  used  gold  metallization  on  the  chip  of 
their  ENP  silicon  planar  transistors.  However,  aluminum 
could  have  been  used  as  a  land  contact  material.  To  prevent 
the  formation  of  a  nonohmic  contact  on  the  base,  an  N+ 
enhancement  diffusion  (usually  phosphorous)  must  be  made 
prior  to  the  appli  nation  of  the  aluminum, 5  resulting  in  the 
structure  illustrated  in  Figure  8. 


B.  Sellkson  and  T.  A.  Longo,  Proceedings  of  the 
IEEE,  Vol  52,  p.  1638  (1964).  - 
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SiO, 


Figure  8 

N+  Enhancement  Diffusion,  PNP  Transistor 


C.  Aluminum  Metallization  -  Silver  Wire 


When  used  as  a  lead  material,  silver  has  been  ob¬ 
served  to  migrate  under  the  ambient  conditions  described 
below.  Such  migration  caused  shorting  between  emitter  and 
base  due  to  the  very  close  spacings  involved.  Because  of 
this  migration,  intermetallics  formed  which  affected  the 
bonds  as  is  evidenced  in  the  following  data: 


before  150  hrs.  350  hrs.  150  hrs. 

bake  150°C  150°C  300°C 


6.5  gms  2.5  gms  2.5  gms  no  bond 


The  numbers  above  are  the  medium  values  of  pull  strengths. 
Before  the  bake  the  wire  broke;  after  the  bake  the  leads 
broke  at  the  bond  due  to  the  intermetallics  formed.  More 
than  one  manufacturer  ha3  tried  this  combination  experimen¬ 
tally.  None,  however,  uses  it. 

D.  Silver  Metallization  -  Gold  Wl^res 


Silver  raetalllzation  does  not  lead  to  a  satisfactory 
solution.  Silicon  has  a  strong  affinity  for  oxygen  and  is 
therefore  always  covered  with  a  thin  film  layer.  The  silver 
metallization  frequently  does  not  penetrate  the  thin  oxide  to 
alloy  into  the  silicon,  and  it  pulls  away  after  a  short  time 
at  certain  conditions,  as  is  evidenced  in  the  following  data. 
Another  problem  was  formation  of  intermetallics  which 
weaken  the  bond. 

before  150  hrs.  350  hrs.  150  hrs. 

bake _ 150°C _ 150°C _ 300°0 

4.0  gms  *1.0  gms  *0.5  gms  no  bond 

*  stripe  material  lifted  away 


The  number  above  as  the  median  value  of  pull  strength. 
Initially  some  of  the  bonds  broke,  reducing  the  median 
value.  More  than  one  manufacturer  has  tried  this  combination 
experimentally.  None,  however,  uses  it. 

E.  Aluminum  Metallization  -  Aluminum  Wire 


;  Three  phases  (purple,  tan  and  white)  have  been 

>  detected  between  the  aluminum  wire  and  the  gold-plated  kovar 

j  header  posts  on  two  groups  of  diode  quads  over  a  two  year 

period  prior  to  testing.  Thes?  units  were  subjected  to 
\  150°C  for  1000  hours.  The  f onward  voltage  increased  50  mv 

or  more,  indicating  an  exodus  of  gold  at  the  gold  inter - 
;  metallic  interface.  This  will  be  reflected  in  the  bond 

|  strengths  which  are  initially  weak.  In  conclusion,  the  dis- 

j  advantages  of  this  system  are: 

•  Interne tallies  still  form  at  the  posts.  S11I- 

•i  con  is  introduced  into  the  aluminum  in  order 

to  extrude  small  diameter  wires  required  for 
Interconnecting  the  chip  to  the  header  posts. 5 
This  must  act  catalytically  in  accelerating 
the  rate  formation  of  the  compounds  found  at 
!  the  posts. 

•  Bond  strengths  are  initially  weak.  Initial 
bond  ..strengths  are  reported  to  be  about  0.5 
gram”  which  Is  some  16X  lower  than  the  bond 
strength  of  an  average  ball  bonded  1  mil  gold 
wire .i 

•  Mechanical  problems  are  associated  with  wedge 
bonding.  They  are  discussed  In  Section  II. 

This  system  has  only  one  advantage.  It  Is  useful  on 
very  small  and  very  large  geometry  devices. 8 

P.  Chromium  -  Silver  Metallization  -  Gold  Wire 

This  is  a  high  temperature  system  tried  by  Phllco  on 
their  2N2710  transistors.  A  high-temperature  lead-ox5.de 
silicate  glass  was  used  as  the  passivation  layer.  The  de¬ 
vices  had  no  aluminum  between  the  Cr  and  Si  Interface.  The 
advantage  of  this  system  is  the  960. 5°C  melting  point  of 
the  CrAg  deposit.  This  type  of  metallization  Is  far  less 
susceptible  to  damage  as  a  result  of  hot  spots  than  the 


j.  a.  Cunningham,  Solid  State  Electronics,  VIII, 

p.  735  (1965). 

S.  S.  Baird,  Conference  on  Reliability  of  Semi¬ 
conductors  and  Integrated  Circuits,  p.  11  (1964). 

9*  Philco  Planar  Reliability  Booklet,  p.  3  (1963 )* 
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prior  systems  discussed  in  this  paper.  However ,  some  of  the 
problems  of  this  system  are: 

•  .  Riere  is  no  mutual  solid  solubility  and  no 

compounds  are  formed  between  Cr  and  Ag.  How¬ 
ever,  Ag  does  form  a  continuous  series  of 
solid  solutions  with  Au. 

•  Silver  migration  will  lead  to  whisker  growth 
under  certain  conditions. 

•  Black  bonds  and  lands  will  develop  if  the  units 
are  capped  in  a  room  ambient  atmosphere  and 
then  subjected  to  high  temperature  stabiliza¬ 
tion  bake.  The  compound  formed  is  silver 
sulfide. 

•  A  number  of  intermetallic  compounds  between 
silicon  and  chromium  are  reported. 10 

G.  Molybdenum  -  Gold  Metallization  -  Gold  Wire 

This  system  was  selected  as  the  best1!  for  an  expanded 
contact  PNP  fast  switching  transistor  developed  by  Texas 
Instruments  under  contract  to  the  U.  S.  Signal  Supply 
Agency  (Contract  no.  DA-36-039-AMC-00l45(E)) .  The  systems 
evaluated  were:  chromium-gold,  chromel-gold,  vanadium-gold, 
cobalt-gold,  molybdenum-aluminum,  nickel-aluminum  and 
mo lybdenum -gold. 

An  N+  enhancement  diffusion  was  required  in  the  base 
prior  to  the  molybdenum  metallization. 

Molybdenum  and  gold  do  not  form  intermediate  phases, 
and  the  mutual  solid  solubility  of  gold  and  molybdenum  is 
exceedingly  small. 10  Devices  that  were  heated  at  300°C  for 
10  days  and  sectioned  indicated  no  movement  or  mixing  at  the 
Mo-Au  interface.' 

During  the  past  year  a  wide  variety  of  accelerated 
aging  environments  have  been  placed  on  approximately  900 
silicon  transistors  and  IC's  constructed  with  the  Mo-Au 
expanded  contacts.  Open  problems  have  never  been  observed, 
and  there  have  been  no  failures  which  could  be  attributed  to 
the  contact  system. 7 


■L0'  M.  Hansen,  Constitution  of  Binary  Alloys,  p.  69, 
p.  217  (McGraw-Hill,  New  York  1958). 

Defense  Documentation  Center  for  Scientific  and 
Technical  Information.  Cameron  Station,  Alexandria,  Virginia, 
p.  Ill,  Publication  AD443686. 
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The  gold  wire  to  aluminum  land  system  could  not  be  used. 
Although  aluminum  adheres  very  well  to  S102,  gold  doss  net. 
In  the  bonding  operation  the  gold  wire  would  penetrate  the 
aluminum  and  would  be  expected  to  make  a  good  contact  to 
Si02.' 


Another  obvious  advantage  of  a  bi-metal  system  is  the 
extra  metal  at  the  step. 

V  RECOMMENDED  SYSTEMS 

A.  Nonexpanded  Contact,  NPN  or  PNP,  SlOg  Transistors 

•  For  NPN  transistors,  the  gold  wire  to  alumi¬ 
num  land  system  is  recommended,  keeping  the 
following  3  points  in  mind. 

(1)  Keep  the  amount  of  aluminum  to  a  minimum.  ■ 
This  will  eliminate  the  formation  of 
intermetallics  under  the  bonds. 

(2)  Use  largest  possible  gold  wire.  An 
example  of  the  pull  strengths  of  large 
diameter  gold  wire  is  as  follows: 

diameter  pull  strength 

1.5  mil  7  bo  14  grms 

2.0  mil  14  to  21  grms 

(3)  Use  a  ball  thermocompression  bond. 

•  For  PNP  transistors,  the  same  system_is 
recommended.  However,  an  N+  enhancement 

,  diffusion  is  required  in  the  base  prior  to  the 

aluminum  meta] Mzation  to  achieve  a  good  ohmic 
contact. 

•  The  reliability  of  the  bonds  on  transistors  or 
other  silicon  devices  using  nonexpanded  al¬ 
uminum  contacts  is  excellent,  since  the  bonding 
wire  penetrates  the  aluminum  and  becomes  firmly 
attached  to  the  underlying  silicon. ° 

B.  Expanded  Contact,  NPN  Or  PNP,  SIO2  Protected  Transistors 

The  gold  wire  to  molybdenum -go Id  land  system  recently 
developed  by  Texas  Instruments  is  recommended.  Again  an  N+ 
enhancement  diffusion  is  required  in  the  base  of  the  PNP 
transistors  prior  to  metallization.  The  largest  gold  wire 
and  ball  bonding  should  also  be  used. 
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SECTION  II 

TEST,  ANALYSIS,  AND 
CORRELATION 


A  TECHNIQUE  FOR  CONTROLLABLE  ACCELERATION  AND  PREDICTION 
OP  DEQRADATION  MECHANISMS  OP  ELECTRONIC  PARTS 


T.  Walsh 


General  Electric  Co. 
Missiles  and  Space  Division 
Philadelphia,  Pennsylvania 


N.  Rocci 


Rone  Air  Devslofsnt  Center 
Orifflss  Air  Force  Base,  New  York 

As  Che  required  reliability  of  electronic  parts  in- — 
creases  together  with  the  growth  in  functional  complexity 
of  electronic  systems ,  the  need  for  date  for  use  in  the 
selection,  application  end  life  prediction  of  parts  be¬ 
comes  more  acute.  At  the  same  time,  both  the  delay  and 
cost  of  obtaining  such  data  by  real  time  testing  ranges 
from  high  to  prohibitive.  In  addition,  the  improved 
reliability  of  parts  today  makes  it  difficult  to  determine 
life  characteristics  by  conventional  use  level  stress  tests 
without  large  sample  sizes  and  prolonged  test  times.  Hence, 
the  concept  of  accelerated  testing  is  one  of  the  most 
promising  approaches  to  the  solution  of,  or  significant 
relief  from  the  problem. 

Accelerated  Tests  are  tests  which  are  designed  to 
induce  failures  or  significant  parameter  trends  of  the 
Items  on  test  in  relatively  short  periods  of  time.  The 
results  from  such  tests  may  be  used  to  predict  the  time  to 
failure  or  parameter  trends  for  similar  items  at  use  con¬ 
ditions  provided  the  basic  assumptions  used  in  the  test  _ 

design  and  the  analysis  are  correct.  In  reliability 
terminology,  accelerated  tests  provide  Information  regard¬ 
ing  wearout  failures. 

There  has  been  much  effort  sponsored  by  RADC  during 
the  past  three  years  on  the  development  of  accelerated 
test  techniques.  Some  of  the  present  effort  includes 
work  on  silicon  epitaxial  transistors,  silicon  planar 
integrated  circuits,  thin- film  passive  networks,  high  power 
silicon  planar  devices,  snap- act ion  switches,  crystal 
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canned  relays  and  soldered  and  welded  connections. 

Limited  work  has  also  been  performed  by  other  agencies. 
The  most  significant  past  work  occurred  in  the  Air  Force 
Minutreman  and  Advent  programs.  The  "AV  program  of 
Minuteman  and  the  present  "B"  programs  are  more  qualita¬ 
tive  with  both  using  high  stress  testing  to  identify  pre¬ 
dominant  failure  mechanisms  which  can  be  traced  to  the 
material,  process  or  design.  Under  the  Advent  Program, 
high  reliability  diodes,  transistors,  resistors  and  capaci¬ 
tors  were  tested  to  determine  and  specify  procurement 
methods,  screening  techniques,  and  life  evaluation  criteria 
for  electronic  parts.  The  information  thus  generated  was 
to  provide  assurance  that  the  flyable  hardware  would 
meet  the  program  objective  of  a  3-year  life  in  a  n on- 
maintainable  space  environment.  Accelerated  step- stress 
and  constant- stress  tests  appeared  to  offer  the  most 
promising  approach  for  solution  to  the  problem.  The  test 
program  was  started  in  May  of  1962  and  continued  until 
September,  1963,  at  which  time  the  parts  on  life  tests 
at  varioua  applied  stresses  and  environmental  conditions 
had  accumulated  6,000  to  10,000  hours  each.  The  parts 
were  then  placed  at  dormant  conditions  of  25C  and  zero 
power  for  10  months  and  were  re- activated  to  the  same 
prior  test  conditions  in  June,  1964,  as  a  requirement  of 
Contract  AF30 (602)- 3415.  This  one  year  program  was  jointly 
sponsored  by  KADC  and  NASA  and  it  is  with  the  results  of 
this  contract  that  this  paper  is  concerned.  The  life 
tests  will  be  continued  until  at  least  25,000  hours  of 
test  time  have  been  accumulated. 

GENERAL  DESCRIPTION  OF  TEST  PROGRAM 

If  accelerated  tests'  are  to  provide  useful  informa¬ 
tion  for  long  life  designs;  the  rate  of  degradation  of  the 
part  at  high  stress  levels  must  be  related  to  the  rate  of 
degradation  which  would  normally  exist  at  lower  "use" 
stress  levels.  The  design  of  accelerated  tests,  therefore, 
must  rely  on  knowledge  and  assumptions  concerning  degrada¬ 
tion  rates  and  continuity  of  failure  mechanisms  across  the, 
stress  ranges  of  the  test.  It  is  because  of  this  depend¬ 
ence  upon  knowledge  of  failure  mechanisms  that  this  pro¬ 
gram  consists  of  two  distinct  yet  interrelated  activities. 
The  first  is  the  design,  performance  and  analysis  of  ac¬ 
celerated  tests  and  the  second  is  the  definition  of 
physical  models  which  describe  the  degradation  of  the 
parts.  This  paper  is  devoted  primarily  to  a  discussion 
of  the  test  program  and  the  use  of  data  to  predict  the 
life  characteristic  of  the  parts. 
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Figure  I  shows  in  graphical  form  Che  seven- phase 
test  plan  used  during  this  program.  There  are  three  step- 
stress  tests  and  four  constant-stress  tests.  It  was  the 
original  intent  of  the  program  to  provide  a  method  which 
could  correlate  the  results  of  step- stress  tests  with 
constant-stress  tests.  Thus,  a  technique  would  be  avail¬ 
able  whereby  analysis  of  short  time  step- stress  tests 
could  effectively  predict  the  results  of  long  term  low 
level  constant- stress  tests. 


STRESS 

LEVEL 


t 


FIGURE  I 

GENERAL  TEST  PLAN 


Each  test  phase  of  the  program  utilized  sample  sizes 
of  25  or  50  parts.  The  parts  are  fully  screened  high 
reliability  parts  purchased  to  General  Electric  R- series 
specifications.  The  selection  of  stress  levels  and  rates 
of  Increase  of  stress  for  the  various  phases  was  based 
upon  expected  part  parameter  degradations,  measurement 
accuracy  limitations  and  the  capabilities  of  laboratory 
stressing  equipment.  The  parts  placed  on  test  are  shown 
in  Table  I. 

The  step-stress  tests  associated  with  the  program 
have  been  completed.  The  constant-stress  tests  have  ac¬ 
cumulated  over  20,000  hours  of  testing  with  the  high  level 
constant- stress  tests  being  70%  completed.  No  failures 
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l- NUMBER 

DESCRIPTION 

fitSWirifiSa 

Resistors 

R2016 

Ni  Cr  Metal  Film, 

1/8  Watt 

XLT,  IRC 

R2048 

Tin  Oxide  Film, 

1/8  watt 

NF60,  Coming 

Capacitors 

R2Q45 

Fixed  Glass 

Dielectric 

CYFR,  Coming 

Diodes 

R2008  PS,  P10 

Silicon,  Regulator 

IN75LA,  758A,  CDC 

R2010  PI 

Silicon,  VHF 

IN251 ,  CDC 

R2011  PI 

Silicon,  Computer 

1N643A ,  CDC 

R2013  PI 

Silicon,  Low  Current 

IN647,  PSI 

Iransistors 

R2004  PI 

NPN,  Silicon,  3  Watt 

2N1613  FSC 

R2005  PI 

PNP,  Silicon,  2  Watt 

2N1132  FSC 

R2026  PI 

NPN,  Silicon,  2  Watt 

2N708  FSC 

R2050  PI 

NPN,  Silicon,  4  Watt 

2N657  FSC 

R4041  PI 

PNP,  Silicon,  1  Watt 

2N869  FSC 

TABLE  I 

DESCRIPTION  OF  PARTS  TESTED 


have  occurred  over  this  period  of  time  on  the  low- level 
tests;  however,  the  measured  part  parameters  are  in  most 
cases  showing  definite  degradation  trends. 

*. 

The  final  report  on  contract  AF30(602)-3415  is  being 
issued  by  RADC  and  it  contains  a  complete  discussion, 
analysis  and  display  of  the  data.  The  following  examples 
are  given  to  illustrate  the  analysis  method  used  for  com¬ 
bining  the  results  of  the  various  test  phases  into  a 
stress  versus  expected  life  chart  which  may  be  used  in 
the  design  of  long  life  equipment. 
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DISCUSSION  OF  RESULTS 


In  general,  it  may  be  stated  that  the  lifetime  of  a 
device  is  the  time  during  which  no  measurable  parameters 
exceed  established  limits.  The  cessation  of  "life"  may 
be  observed  In  either  of  two  ways:  first,  it  may  occur 
at  a  measurable  rate  of  degradation  when  a  measurable  part 
parameter  exceeds  established  limits,  as  in  the  case  of 
resistance  drift,  of  a  resistor;  or  second,  it  may  occur 
catastrophically  without  indication  of  measurable  para¬ 
meter  variations  when  the  strength  of  the  device  degrades 
to  the  applied  stress  level  (environment  stress  plus 
operating  stress),  as  in  dielectrics  which  fall  suddenly 
due  to  dielectric  breakdown.  Thus,  two  general  techniques 
were  used  for  the  analyses  of  the  data.  Both  are  dis¬ 
cussed  below  and  data  are  shown  to  illustrate  each  techni¬ 
que.  Recommendations  are  also  given  for  the  design  and 
analysis  of  future  accelerated  test  programs. 

CASE  I  DEGRADATION  OF  PART  PARAMETER 

For  degradation  type  failures,  the  rate  of  reaction 
of  the  degradation  mechanism  will  govern  the  rate'  of  change 
of  the  part  parameters.  The  approach  taken  here  was  to 
assume  that  the  mechanism  causing  the  drift  of  the  para¬ 
meter  is  chemical  in  nature,  thus  the  relationship  of 
reaction  rates  and  temperature  expressed  by  the  Arrhenius 
or  Eyring  Equations  was  used  to  develop  models  to  describe 
the  degradation.  A  film  resistor  is  selected  to  illustrate 
the  analysis  technique. 

Briefly,  the  approach  to  testing  the  film  resistor 
considers  thermal  stress  as  the  independent  variable  and 
some  function  of  resistance  as  the  dependent  variable  of 
degradation.  Thermal  energy,  precisely  controlled  and 
measured,  was  selected  as  the  stress  to  cause  deteriora¬ 
tion  of  the  resistor's  active  element  (i.e.,  the  resistive 
film).  The  necessity  of  uniformly  applying  thermal  energy 
resulted  in  the  design  of  special  mounting  fixtures  and 
the  use  of  ovens  with  accurate  temperature  control.  The 
resistors  were  tested  with  a  voltage  applied  which  was 
50  percent  of  the  manufacturer's  power  rating  to  accentuate 
the  effect  of  any  structural  defects  or  imperfections  of 
the  resistor.  A  function  of  resistance  (U1R|/R)  was 
selected  as  the  damage  sensitive  parameter  which  would 
linearize .the  degradation  of  the  resistor  in  tix  ». 

The  R-2048(l/8-watt)  is  a  film  resistor  which  has  as 
as  its  basic  active  resistive  element  a  semiconducting  tin- 
oxide  film  doped  with  antimony  to  provide  varying  values 
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of  resistivity.  After  film  deposition  on  the  ceramic  sub¬ 
strate,  the  ends  of  the  resistor  blank  are  coated  with  con¬ 
ducting  material.  Heat  treatment  provides  stabilisation 
of  the  oxidation  reaction  and  stress  relief.  The  blanks 
then  have  a  helix  cut  through  the  resistance  film  to  pro¬ 
vide  the  final  resistance;  leads  are  attached  and  the 
resistor  is  hermetically  sealed  in  glass. 

The  resistors  on  long  time  constant-stress  teats 
continue  to  exhibit  a  uniform  degradation.  Figure  2  shows 
the  average  cumulative  dsmage  of  the  100,000  ohm  resistors 
for  Phases  IV  (200C) ,  Phase  V  (150C)  and  aritlent  (25C)  and 
15,000  hours  of  tast  time.  The  relation  of  damage  end 
time  appears  to  be  linear  and  lines  mere  drawn  with  the 
same  slope. 


FIGURE  2 

CUMULATIVE  DAMAGE  VERSUS  TIME  FOR  THE  R2048P1003  RESISTOR 


Figure  3  is  a  log-normal  plot  of  the  accumulated 
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damage  for  Individual  resistors  for  three  time  periods  - 
500,  5,727,  and  15,448  hours.  It  is  apparent  from  this 
plot  that  the  distribution  of  accumulated  damage  in  time  is 
remaining  consistent  over  15,000  hours.  The  fact  that 
there  have  been  no  catastrophic  failures  during  the  tests 
and  the  obvious  homogeneity  of  the  parts  makes  the  analysis 
pf  the  results  more  meaningful. 


CUMULATIVE  DISTRIBUTION  OF  DAMAGE  FOR  FIXED  TIME 
R2048P1003 (150C) 

The  accumulated  damages  in  time  for  the  step- stress 
and  constant- stress  tests  are  plotted  in  Figure  4.  Phase  I 
was  performed  using  12-hour  steps;  Phase  II  using  60-hour 
steps  and  phase  III  using  300-hour  steps.  Lines  of  constant 
damage  values  were  drawn  using  the  data  of  the  three  step- 
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stress  tests.  The  lines  are  parallel  to  each  other  indicat- 
lug  that  the  rate  of  daoage  accumulated  for  the  times  shown 
are  similar.  The  and  11  accumulated  damage  points  for 
the  200C  and  1S0C  constant-stress  tests  are  shown  and  con¬ 
necting  lines  are  drawn.  The  data  is  now  in  a  format  which 
may  be  used  by  design  engineers  making  long-life  designs. 


FIGURE  4 

R2048F1003  LIFE  DATA  CHART 

If  the  step-stress  constant  damage  lines  are  extended 
to  longer  time  periods^  and  compared  with  the  constant- 
stress  test  results,  they  will  show  a  conservative  esti¬ 
mate  of  accumulated  damage.  This  is  as  expected  since  the 
total  damage  plotted  for  any  step  of  the  step-stress  tests 
is  the  accumulated  damage  of  all  the  previous  steps. 
Mathematical  relationships  between  step- stress  and  constant- 
stress  test  results  have  been  derived;  however,  we  have 
found  it  simpler  to  use  the  step- stress  results  for  infor¬ 
mation  regarding  the  consistency  of  failure  mechanisms  and 
the  selection  of  the  stress  levels  for  the  constant- stress 
tests  and  not  for  life  predictions.  At  least  three  can  Stan t- 
stress  tests  are  recommended  to  be  used  in  the  construction 
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of  the  life  data  charts. 


From  the  results  of  this  type  of  test  where  a  damage 
sensitive  parameter  can  be  measured,  we  believe  the 
performance  of  two  step- stress  tests  and  three  constant- 
stress  tests  to  be  a  reasonable  approach  to  the  initial 
design  of  accelerated  tests  and  the  development  of  life 
data  charts.  A  technique  which  may  be  used  for  the 
analysis  of  combined  accelerated  test  results  to  generate 
life  data  charts  is  as  follows: 

1  -  Perform  two  step- stress  tests  to  failure  using 
a  time  ratio  of  1  to  5.  For  instance  a  twelve- 
hour  step  may  be  used  for  the  first  test  and  a 
60- hour  step  for  the  second  test.  The  data  are 
then  plotted  using  relationships  developed  from 
degradation  models  devised  as  a  result  of  a 
physics  of  failure  investigation.  Figure  5  shows 
a  plot  of  resistor  data  which  was  generated  dur¬ 
ing  this  program.  The  fact  that  the  data  fit 
lines  drawn  parallel  at  the  same  slope  provides 
evidence  that  the  failure  mechanism  producing 
the  damage  remains  consistent  throughout  the 
stress  range  shown;  therefore,  the  high  level 
constant-stress  tests  may  he  designed  with  some 
assurance  of  a  constant  degradation  mechanism. 


2  -  The  step-stress  data  of  Figure  5  are  replotted 

on  the  life  data  format  of  Figure  4.  Stress 
levels  for  the  three  high  level  constant-stress 
tests  may  then  be  selected  and  estimates  of  the 
time  required  to  perform  the  test  are  possible. 
Consideration  must  be  given  here  to  the  capability 
of  the  test  facility  to  control  the  stress  ac¬ 
curately  and  measure  the  part  parameters  reliably. 

3  -  Analysis  of  the  data  from  the  three  different 

constant-stress  tests  could  take  the  following 
form: 

a)  Make  a  plot  of  the  median  failure  points  on 
a  stress  versus  test-time  chart  as  shown  in 
Figure  6.  This  line  may  then  be  extended 

to  lower  levels  of  stress.  This  will  provide 
an  estimate  of  the  median  time  to  failure  at 
use  stress  levels.  Additional  percent  failure 
points  may  be  estimated  in  the  same  manner. 

b)  Plot  the  times  to  failure  or  times  to  reach 
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FIGURE  5 

CUMULATIVE  DAMAGE  VERSUS  RECIPROCAL  OF  ABSOLUTE  TEMPERATURE 
R2016PI003 ,  STEP-STRESS  TESTS 


68 


STUSS  LEVEL 


FIGURE  6 

TECHNIQUE  FOR  PLOTTING  CONSTANT- STRESS  DATA 


FIGURE  7 

ECHNIQUE  FOR  ESTIMATING  FAILURE  DISTRIBUTION  AT  USE  LEVEL 
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some  level  of  daaege  on  suitable  probability 
paper  as  shown  in  Figure  7.  If  the  data  plots 
are  parallel,  then  it  may  be  said  that  the 
failure  distribution  is  essentially  constant 
for  the  parts  at  the  stress  levels  used  in 
the  tests.  If  they  are  not  parallel,  then 
the  failure  distribution  is  changing  in  time 
and  additional  tests  and  analysis  may  be 
necessary. 

c)  If  the  lines  are  parallel,  another  parallel 
line  may  be  drawn  at  a  use  stress  level  by 
using  the  median  time  and  some  other  percentage 
failure  point  estimated  from  Figure  6.  An 
estimate  of  the  life  distribution  of  the  parts 
using  the  selected  failure  criteria  is  then 
available  for  long  life  designs. 

CASE  11  DEGRADATION  OF  ULTIMATE  STRENGTH 

In  the  case  where  a  damage  sensitive  parameter  which 
is  consistently  degrading  in  time  cannot  be  found,  it  is 
necessary  to  define  an  arbitrary  failure  criteria  for  the 
parts  on  test.  In  capacitor  testing,  this  is  usually  a 
catastrophic  failure  or  dielectric  breakdown.  We  use  this 
approach  also  for  plotting  the  results  of  semiconductor 
tests.  A  damage  function  which  would  describe  the  para¬ 
meter  degradation  for  all  semi-conductors  on  test,  in  a 
consistent  form,  has  not  as  yet  been  fully  developed,  al¬ 
though  some  of  the  test  results  show  very  consistent  para¬ 
meter  tren'ds. 

It  was  anticipated  that  surface  effects  would  dominate 
the  degradation  of  the  parts  on  test  and  various  models  of 
surface  behavior  were  used  as  the  basis  for  the  selection 
of  the  parameters  likely  to  be  degrading.  Thus,  the 
parameters  selected  are  primarily  surface  related  measure¬ 
ments.  The  electrical  power  applied  was  the  same  for  all 
tests  of  the  same  part  type.  Thermal  energy  was  used  as 
the  stressor  during  the  step-stress  and  the  constant- 
stress  tests.  The  parts  are  removed  from  stress  and  al¬ 
lowed  to  cool  for  eight  hours  prior  to  measurement  of  para¬ 
meters  . 


The  transistor  selected  for  this  illustration  is  a 
silicon,  NPN,  planar,  surface- passivated,  medium  power, 
high-voltage  transistor.  It  has  a  maximum  power  dissipation 
of  four  watts  at  25C  case  temperature,  zero  watts  at  200C 
case  temperature;  and  a  maximum  collect-to-emitter  voltage 
rating  of  +100  volts.  It  is  in  a  TO-5  case,  dry-nitrogen 
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filled.  It  is  designated  as  the  R2050P1  and  its  closest 
commercial  equivalent  is  the  2N657. 

Quantities  of  50  parts  each  were  subjected  to  Phase 
IV  (200C) ,  V  (150C)  and  Ambient  Life  (25C)  tests .  The 
estimated  average  junction  temperatures  are  250;200;and 
175C,  respectively.  The  parameter  trends  are  as  shown 
in  Table  II. 


hFE 

^CBO 

^EBO 

bvceo 

INC. 

DEC. 

INC. 

Stable 

Stable 

KMiTl 

SLT. 

DEC. 

DEC. 

INC. 

Stable 

Stable 

SLT. 

DEC. 

DEC. 

INC. 

Stable 

Stable 

TABLE  II 

CONSTANT  STRESS  TEST  PARAMETER  TRENDS- R-2050P1 

The  failure  times  of  Phase  IV  have  been  plotted  on 
log-normal  probability  paper  in  Figure  8.  A  straight 
line  was  fitted  to  the  data  to  obtain  estimates  of  the  2 
percent  and  50  percent  failure  times.  These  points  were 
then  plotted  on  Figure  9  together  with  the  Chase  I  and 
Phase  II  step-stress  test  results. 

The  step- stress  and  constant- stress  data  points 
appear  to  line  up.  The  21  failure  point  for  the  phase  V 
test  is  expected  to  occur  between  20,000  and  30,000  hours. 
There  have  been  no  failures  in  16,000  hours  of  test  at 
phase  V  conditions;  however,  degradation  in  Beta  is  occur¬ 
ring  and  it  appears  likely  that  the  first  failure  could 
occur  in  the  time  period  estimated. 

A  technique  which  could  be  applied  to  analyze  ac¬ 
celerated  test  results  of  parts  which  do  not  exhibit  con¬ 
sistent  degradation  ia  as  follows: 

1.  Perform  two  step-stress  tests  as  discussed  under 
Case  I,  The  selection  of  the  failure  criteria 
is  extremely  Important.  Figure  10  shows  a 
typical  plot  of  data  generated  during  this-  pro- 
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gram  for  a  diode.  The  step-stress  data  in  this 
case  are  plotted  in  a  time  to  failure  versus 
a  probability  scale  format  rather  than  the 
damage  versus  stress  form  of  Case  I. 


STEP- STRESS  RESULTS,  R2008P5 


2.  The  step-stress  data  may  then  be  re-plotted  on 
the  life  data  format  of  figure  4  and  analysis 
and  presentation  of  the  constant- stress  test 
results  would  be  similar  to  that  shown  for 
Case  I. 

CONCLUSIONS 

Accelerated  tests  yield  data  which  when  properly 
analyzed  can  provide  estimates  of  the  expected  occurrence 
of  failure  of  homogeneous  parts  in  time.  The  methods  of 
analysis  shown  here  may  be  used  to  reduce  the  information 
into  a  format  which  can  be  used  in  the  design  of  long-life 
hardware . 
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CUMULATIVE  DEGRADATION  MODEL  AND  ITS  APPLICATION 


TO  COMPONENT  LIFE  ESTIMATION 

Hiroihi  Shloal 


Electrotechnical  Laboratory ,  Ministry  of 
International  Trade  and  Industry 
Hagata-cho ,  Tokyo,  Japan 


1.  Introduction 

It  la  quite  Important  to  find,  a  general  degradation  model  for  pre¬ 
diction  and  acceleration  of  cosponent  life  under  any  a  trees  condition, 
both  for  constant  and  variable  stress  conditions.  For  this  purpose,  the 
reaction  theory  gives  a  moat  powerful  basis.  Under  the  assumption  of 
emulative  degradation,  a  general  degradation  model  which  is  essentially 
applicable  not  only  to  electrical  components  but  also  to  mechanical  ele¬ 
ment#  has  been  developed .1)2)  ohe  validity  of  the  model  has  been  inves¬ 
tigated  by  experiments  of  some  electronic  ccsvomants.  Applications  of 
this  principle  to  component  life  estimation  are  also  illustrated. 


2.  Reaction  Model  and  Acceleration  Rector 
2.1  Reaction  Model 

Ctae  of  the  most  popular  degradation  models  is  the  reaction  model. 

A  physical  strength  (characteristic  parameter)  u(t)  and  concentration  of 
the  reaction  N  are  connected  with  time  t  and  a  reaction  rate  K  by  some 
functional  relationship  f  and?  respectively.  3) 


f(u(t))-f(N)-Kt  (1) 

Ibe  reaction  rate  K  4  >ven  by  Ryrlng,**)5) 


K»ATexp(-B/T)exp(S((M>/T))  (2) 

idtere  A,B,C,D  are  constant#,  T  is  teoperature  and  3  is  stress.  The 
approximate  expression  of  K  is  the  well  known  Arrhenius  equation.  For 
exasple,  exponential  decay  u(t)-N(t)/R0-exp(-Kt)  is  obtained  from  a  re¬ 
action  equation  dN/dt»-KK  and  power  (diffusion)  type  decay  u(t)2-(4M)2»Kt 
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Is  deduced  from  a  reaction  equation  dB/dt“-K/(No-N) . 

Die  relationship  between  life  and  stress  factor  K  Is  Obtained  by- 
putting  t»L  when  the  strength  u(t)  decays  down  to  FL  (Failure  Level, 
known  or  unknown). 


L*f(FL)/K  (3) 

2.2  Failure  Bate  Acceleration  Factor  and  Lifetime  Acceleration  Factor 

Equation  (l)  shows  that  degradation  is  uniquely  determined  by  the 
product  of  K  and  t  which  are  Mutually  independent,  and  this  relationship 
Is  Interpreted  as  the  transformation  equation  between  stress  and  tine. 

For  a  constant  stress  condition,  the  lifetime  acceleration  factor 
AX,  is  given  by: 

VLtA^K/Kt  (*> 

where  suffix  r  means  the  reference  condition. 

On  the  other  hand,  failure  rate  acceleration  factor  A*  Is  not  always 
equal  to  AL.  If  the  failure  distribution  Is  given  by  the  Welbull  dis¬ 
tribution  R(t)-erp(-tm/t0) ,  A*  Is  expressed  by: 

VWtc-A(t)Ar(t)-(K/Kr)B  (?) 

becauseX(t)  and  L  are  given  byA(t)"BtB-1/'to  and  median  life  L-ftolu^)1/111 
respectively.  Bran  equations  (4)  and  (5), 


Aa»Al“  (6) 

The  following  Is  the  exasple  of  condenser  life  data.  Die  so-called 
5th  life  lav  la  well  known  fOr  condensers  under  direct  current  voltage 
stress.  Xhe  reaction  rate  and  A^  art  expressed  as  follows: 


K-V^Texpf-B/T)  (7) 

AL-(v/vr)lt(T/Tr)ejq>(BdI'A^)  (8) 

For  convenience,  Al  Is  approximately  expressed: 


AL-(vAr)*2*r/er  (9) 

where  ?”TTr.-dff“T-Tr  and  0x”(ftja2)/B  which  Is  an  equivalent 
temperature  rise  to  reduce  lifetime  by  one  half. 

In  the  case  of  failure  rate,  those  acceleration  coefficients  are 
all  multiplied  or  divided  by  m,  that  la,  k,B,er  for  Al  are  replaced  by 
nk,aB,©rA  for  A*.  We  must  be  careful  not  to  mix  them  up  In  -the 
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expression  of  life  tact  date.  Die  life  data  of  mylar  condenser  applied 
direct  current  voltage  show  that  the  slope  of  lnI.:lnV  plot  Is  k-4.95 
and  the  slope  of  lntoilnV  plot  Is  ak-3.62.  Die  slope  ratio  3.62/4.95- 
0.73  coincides  veil  with  the  Welbull  shape  parameter  n-O. 73-0. 77  obtained 
fwm  Independent  experiments. 


3  emulative  Degradation  Model  and 
Generalised  Miner's  Bluatlon^^) 

Do  find  a  general  degradation  nodal,  we  make  the  following  funda¬ 
mental  assumptions:  (l)  Degradation  follows  a  f-Kt  type  reaction  model, 
and  (2)  Degradation  is  linearly  accumulated  Independently  of  the  past 
stress  path.  Dlls  means  degradation  proceeds  one  way  without  hysteresis 
or  recovering  effect. 

If  the  component  la  put  under  the  stress-tine  state  (Kj,ti) 
successively,  the  total  degradation  is  determined  by  the  net  accumula¬ 
tion  of  those  kfti  products. 


f=Z  Kiti  (10) 

If  stress  la  continuously  applied  with  tine  to  the  component, 

f-jlC(t)dt  (11) 

Dioae  general  expressions  Include  the  case  of  step  stress  method  and 
constant  stress  test  as  a  special  case,  that  la,  we  get  from  (.10), 
f-t*I Ki  for  step  stress  and  from  (ll),  f“K$dt-Kt  for  constant  stress. 
Another  example  of  expression  f“JK(t)dt  is  the  progressive  stress  method 
applied  to  condenser  life®)?)  in  which  tine  is  artificially  introduced 
Into  K  such  as  V-et  of  equation  (7). 

Die  stress-tine  state  (Kj.,^)  Is  applied  successively  until  the 
life  end  occurs  at  the  nth  state  when  parameter  u  reaches  the  failure 
level  PL. 


m 

f(lL)-£lCitl  (12) 

* 

Die  expected  mean  lifetime  Is  obtained  from  Ztj,.  In  the  case  of  the 
step  stress  method,  this  becomes: 

a 

fdlJ-tsZKi-taKbJTn  (13) 

wherein  is  a  correction  factor. 

We  can  get  a  more  convenient  expression  putting  (l/Li)=iq/f(KL)  in 
equation  (12) . 


£ (ti/Li)-l 


(14) 
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Ibr  metal  and  alloys,  the  relationship  between  logarithm  of  mean 
cycles  to  fatigue  H  and  applied  alternative  stress  S  Is  often  expressed 
by  8-H  curve.  Vfcen  ni  cycles  at  stress  Si  are  applied  successively 
from  1-1  to  im,  until  failure  at  tile  nth  step,  the  expected  total 
fatigue  cycles  £  ni  la  estimated  from  the  so-calied  Miner's  equation, 

£  (ni/Hi)=l  which  Just  corresponds  to  equation  (it)  M.  Miner  intro¬ 
duce!  this  equation  rather  intuitively  assuming  the  network  absorbed  at 
failure,  W*£wi,  is  related  to  (wi/w)-(ni/Si).  Die  expression  (14), 
however,  can  be  applied  to  much  mors  general  cases,  including  the 
Miner's  rule  of  mechanical  fatigue  life.  He  nay  call  aquation  (14)  the 
generalised  Miner's  equation.  It  is  reported  that  £{ni/Ni)  is  not  al¬ 
ways  equal  to  unity  at  fatigue  Ilfs  and  this  value  depends  on  material, 
shape  of  item,  treatment,  and  stress  application  path.  But,  as  a  first 
approximation  equation,  it  is  often  used  as  a  preliminary  gw  tool 
and  for  life  estimation  criterion  in  the  mechanical  engineering  field. 


4.  Experimental  Verification  of  T-itmti- 
Accumulation  Degradation 

Die  linear  accumulation  assumption  means  that  the  same  applied 
stresa-tlme  sat  always  results  In  the  asms  state  of  degradation,  inde¬ 
pendently  of  stress  application  path.  Deviations  from  the  rule 
2  (ti/Lj.)-l  ore  also  caused  by  the  invalidity  of  assumption  of  a  unique 
mnA  nono  tonic  dtgndatLon  reaction . 

Checking  experiments  have  been  conducted  for  scow  components  to 
which  step-up,  step-down,  cyclic,  random  and  constant  stress  are  applied 
and  their  degradation  behaviors  are  observed.  According  to  those  ex¬ 
periments,  accumulation  of  degradation  .is  influenced  by  kind  of  stress, 
stress  path  direction,  past  stress  history,  degree  of  component  degrada¬ 
tion,  mixing  of  decay  modes,  change  of  drift  pattern,  and  stabilization 
process. 

4.1  Example  1:  Degradation  of  Trans  conductance  of  Electron  Tube 
A.  Degradation  Pattern 


It  was  found  that  transconductance  @n  of  electron  tube  follows 
veil  an  exponential  decay  pattern1^),  gn(t)gao"u(t)-exp(-Kt) .  One  ex¬ 
ample  of  Obtained  K  value  under  constant  stress  is  shown  in  Tig.  1. 
Strictly  speaking,  the  K  value  which  reflects  mainly  decay  of  emission 
and  growth  of  Interface  resistance  of  oxide  cathode  is  not  constant 
throughout  life,  but  its  pattern  is  changing  quite  regularly  with  time 
and  stress,  from  the  macroscopic  viewpoint,  it  might  be  said  the  ex¬ 
ponential  pattern  is  veil  held  for  gm  decay. 
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figure  1 

Variation  of  Reaction  Bate  K  with  Tlae 


B.  Effect  of  Stress  Path  on  Degradation  Ac  emulation 

Degradation  aaount  during  each  step  for  various  stresses  was 
observed  and  its  hysteresis  effects  were  investigated.  Obtained  results 
are  an— rised  as  follows : 

(1)  Mono tonic  step-up  stress : 

Mien  the  K  value  of  each  stsp  Is  almost  the  same  as  the 
value  of  the  corresponding  constant  stress,  then  it  is  expected  the 
linear  ac emulation  rule  is  applicable  to  a  step-up  stress  experiment. 
Fig.  2  shows  the  comparison  of  K  values  of  constant  stress,  monotonic 
step-up  stress,  end  random  stress.  She  calculated  mean  1*2(1/14.)  values 
under  several  conditions  of  step-up  stress  are  quite  near  to  1  (Table  l). 
It  seems  that  email  deviation  from  unity  is  due  partly  to  aasple  varia¬ 
tion.  . 

(2)  Monotonic  step-down  stress: 

As  stress  decreases,  a  big  recovering  effect  is  observed 
as  shown  in  Fig.  3.  Tie  total  degradation  amount  is  mich  smaller  than 
the  degradation  of  step-up  stress  even  though  the  total  applied  stress- 
time  set  is  the  same. 
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Figure  2 

Reaction  Rato  K  under  Various  Street 


sample 

etrees  step 

S=a(l/T)xlp3 

tine  step 

tgXlO^Hr. 

h  iH* 

t,J(l/Li) 

ft 

0.0125 

0.3 

0.765 

1.1 

0.0125 

0.1 

0.89 

1.23 

0.00625 

0.3 

0.70 

1.01 

0.00625 

0.1 

0.72 

1.04 

B 

0.0125 

0.3 

0.57 

0.82 

0.0125 

0.1 

0.653 

0.95 

0.0125 

0.1ft0.05 

0.692 

1.00 

*  theoretical  value  le  Kt=ln(l/0.5)=0.693,  ft  t j=t. 


Table  1 

Value  for  FL(  Failure  Level  )=50Jt  of  Om0 
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Figure  3 

Comparison  of  Step-up  and.  Step-down  Stress 


(3)  Randan  and  cyclic  stress : 

When  the  component  Is  not  so  degraded  and  remains  in  an 
earlier  state,  the  K  value  la  alaost  tide  sane  as  the  corresponding  con¬ 
stant  stress  value.  In  general,  when  the  present  stress  Is  decreased 
down  flat  the  previous  stress  It  recovers,  that  Is,  when  Au*ui-uj+i  is 
negative,  then  the  calculated  K  value,  Au/(tt At),  Is  also  negative 
( *  asrk  in  Fig.  2).  On  the  other  hand,  when  stress  Increases  up  from 
the  previous  stress,  degradation  Is  accelerated  and  K  value  becomes 
greater  than  the  constant  stress  value. 

The  recovering  amount  and  the  amount  of  excessive  degrada¬ 
tion  an  both  approximately  proportional  to  the  stress  difference  be¬ 
tween  the  present  stress  and  the  previous  stress,  that  is,  A(Apn/gao) 
or  AK« /A  stress/.  On  an  average,  their  effects  are  canceling  out  each 
other  as  long  as  stress  variation  Is  wall  balanced  and  then  it  tends  to 
degrade  the  sane  amount  by  application  of  the  same  stress-time  set. 

Fig.  4  Is  one  sample  of  those  experiments.  Decay  curves  of  step-up, 
cyclic  and  random  stress  coincide  well  at  expected  points. 
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Step-op  636  669  702  734  765  7.95 

Cyclic  635  669  702  734  765  795  795  765  734  702  667  635  635  669  702  734  765  795 

Random  6Volt  7.34  669  765  635  795  7C2  669  796  702  765  635  734  635  765  795  669  734  702  824  Volt 


Figure  4 

Degradation  Curves  under  Various  Stress  Conditions 


(4)  Stabilisation  process: 

It  should  be  emphasised  that  a  stabilisation  pxocasa  Is 
necessary  to  check  the  true  degradation  state.  The  stabilization  at  a 
reference  condition  vipes  off  hysteresis  effects  due  to  psst  stress  his¬ 
tory  sad  It  brings  observed  K  value  back  to  the  corresponding  constant 
stress  value  (aee  Fig.  2). 

The  tine  Interval  necessary  to  stabilise  the  eo^onant 
greatly  depends  on  the  degree  of  degradation.  The  waller  the  decay, 
the  greater  and  aore  rapid  la  the  extant  of  recovery.  The  degraded 
sample  loeea  Its  recovering  force  and  It  takas  aore  tine  to  restore. 

The  reaction  nodal  assumes  essentially  one-directional 
concentration  flow  being  independent  of  actual  dimension.  But,  in  a 
degraded  sample,  positional  uniformity  of  concentration  la  lost.  The 
-variation  of  concentration  localisation  caused  by  external  stress  change 
will  produce  the  hysteresis  effect.  Monotonic  step-up  stress  nay  not 
disturb  this  one -directional  nodal  and,  accordingly,  the  K  value  la  kept 
the  sane  as  the  steady  value. 

4.2  Exasple  2:  The  Case  of  Ge.  Alloy  Translator 
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At  the  earlier  period  of  stress  application,  a  reversible  param¬ 
eter  change  caused  by  equilibrium  transition  of  the  surface  state  is 
usually  observed.  Vfcen  the  sample  i3  removed  from  stressed  state  to  the 
reference  condition,  say  room  temperature,  the  parameter  recovers  re¬ 
versibly  to  its  initial  value,  ule  detailed  experiments  and  physical 
explanations  for  reversible  effect  of  transistor  are  reported  by 
J.  Partridge,  et  al.  Hie  recovering  time  to  initial  vulue  differs 

very  much  from  sample  to  sample  depending  on  its  surface  state.  Mean¬ 
while,  the  irreversible  true  degradation  due  to  surface  oxidation  super¬ 
poses  on  the  reversible  drift. 


/  Tot  the  pnp  Ge.  alloy  transistor  with  rather  accumulated  surface 

!  state,  temperature  rise  brings  its  surface  to  more  accumulated  state  on 

|  o( surface  recombination  velocity)-<Pg( surface  potential)  diagram.  On 

l  the  other  hand,  oxidation  moves  the  surface  state  in  reverse  direction, 

that  is,  less  accumulation.  Coexistence  of  those  two  modes  causes 
rather  complex  drift  behavior.  To  distinguish  reversible  and  irrevers¬ 
ible  change  and  to  detect  true  degradation,  a  stabilization  process  in 
j  also  required. 


Hie  shape  of  hfe  drift  and  the  time  to  equilibrium  during  stabili¬ 
zation  greatly  depend  on  transistor  type,  surface  state  (manufacturer), 
and  degree  of  degradation,,  The  reversible  change  at  initial  period 
snows  longer  tiiue  constant  (from  10  hr.  to  more  than  ic3  hr.),  but,  as 
the  true  degradation  dominates,  the  time  to  equilibrium  becomes  shorter 
(less  100  hr.,  sometimes  less  than  0.1  hr.).  Finding  reasonable  and 
common  stabilization  time  to  any  sample  is  impossible.  However,  it  is 
8 till  important  to  set  up  the  reference  condition  with  mini, mam  stabili¬ 
zation  time  in  accordance  with  each  lot  behavior. 

Some  examples  of  hfe  transition  drift  of  alloy  transistors  are 
shown  in  Fig.  5.  In  some  a  tip  stress  experiments,  it  is  found  that  the 
total  net  decrease  of  hfe  is  less  than  the  ultimate  total  decrease  under 
constant  stress.  This  discrepancy  comas  from  the  accumulated  transition 
effects  and  inadequacy  of  stabilization. 


Fig.  6  shows  hfe  hysteresis  drift  under  cyclic  temperature  stress. 
Degree  of  hysteresis  depends  on  transistor  type,  manufacturer,  and  past 
stress  history.  In  saxple  A,  remarkable  hystferesis  is  observed.  Its 
dependency  on  the  previous  3 tress  is  almost  the  same  as  the  case  of 
transconductance,  but  the  regularity  of  dependency  is  not  so  apparent. 

It  is  worthwhile  to  note  the  stabilization  time  of  sample  A  is  much 
longer  than  that  of  sample  B  (70  hr.~less  than  0.1  hr.  for  sample  A  and 
1  hr. -~1  ess  then  0.1  hr.  for  sample  B).  Hie  slower  response  and  time  lag 
to  the  outer  stress  change  is  the  main  reason  of  this  hysteresis  drift. 
However,  the  resultant  net  degradation  measured  alter  stabilization 
seems  almost  the  same  in  spite  of  different  sequence  of  applied  stress 
as  far  as  the  same  stress -time  set  is  applied. 
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1  h\t  MEAN  TRANSITION  DRIFT  OOCfc  60t /V*tt))j[ 

Volu#  After  tt’C  Stooiliwtion  * 


10  Tim#  (hr.)  100 


1000 


Figure  5  ;  transition  Drift  of 


Figure  6  :  hj#  Drift  under  Cyollo  Stress 
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4.3  Xxaaple  3:  5he  Case  of  Composition  Resistor 

Composition  resistors  under  thermal  and  power  stress  show  also  two 
modes  of  resistance  change:  (l)  Initial  increase  caused  by  ceramic  cur¬ 
ing,  and  (2)  ultimate  decrease  caused  by  carbonisation  or  separation  of 
composite  elements.  Bie  latter  change  finally  ends  in  short  failure  or 
open  defect  by  cracking.  'AT; 

She  cyclic  variation  of  those  stresses  usually  causes  hysteresis 
effect.  Die  tendency  la  similar  to  that  of  ga  case.  Tor  sample  a  in 
Tig.  7,  stress  decreasing  results  in  resistance  recovering  for  both 
temperature  and  power.  For  sample  D,  the  curing  process  is  so  remarkable 
that  the  power  effect  an  hysteresis  is  Just  the  reverse  of  temperature 
action.  Hus,  the  matrix  acceleration  life  test  by  temperature  end 
power  is  inapplicable  to  sample  D.  In  the  earlier  stage,  subtle  mixing 
of  drift  modes  la  generally  observed  depending  on  the  combination  of 
stress  factors:  tesg>erature,  power,  and.  moisture. 


CYCLIC  TEMP.  STRESS .  PfP„  =  1  ,  f ,  =  24  hr. 


Resistance  Change  Caused  by  Cyclic  Stress 


> 


84 


5.  Seme  Defects  of  Conventional  Step  Stress  Method 

Ihe  step  stress  method  is  .quite  useful  for  the  purpose  of  pre¬ 
liminary  survey  of  life  test  design,  Marginal  check,  screening,  and 
comparison  of  life  quality  of  different  lots.  However,  there  are  some 
defects  such  as  testing  time,  stress  range,  and  accumulation  error  of 
hysteresis  effects 

(l)  Total  testing  time: 

Hie  total  testing  time  of  step  stress  method  is  not  so  mich 
shorter.  If  the  step  stress  test  is  stopped  at  the  nth  step  of  50J» 
failure,  the  testing  t-1  me  Is  nt*  where  t*  is  the  step  time  interval, 
ti»ta.  Moreover,  we  have  to  repeat  the  experiment  at  three  different  t* 
levels  in  order  to  assure  accurate  extrapolation  of  lnL:stree»  plot. 

Table  2  shows  the  caparison  of  testing  time  required  for 
constant  stress  and  step  stress  methods  assuming  u(t)-exp(-Kt)  type 
degradation  of  gm.  We  mist  note  that  the  total  testing  time,  5-24  x  1CP 
hr.  far  step  stress  method  gf  three  t#  levels  at  Is  shout  two 

innyr  t>>«n  2.55  x  lip  hr.  of  constant  stress  method  of  three  stream 
levels  (7,8,  sad  9  volt).  The  conventional  life  test  at  higher  constant 
stress  level  sometimes  will  give  rather  more  accurate  information  both 
for  life  time  distribution  and  degradation  type  within  shorter  period. 
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(2)  term  due  to  hysteresis  effect: 


Die  range  of  choice  of  equal  tine  interval  tg  is  practically 
Halted  vithin  a  relatively  narrov  range.  If  we  choose  a  larger  to,  it 
Is  not  economical  for  the  purpose  of  early  prediction.  And,  if  ve  take 
a  shorter  to,  the  error  caused  by  hysteresis  may  Increase.  Die  sub- 
aode  of  degradation  which  usually  appears  in  earlier  periods  at  lower 
stress  will  also  causa  eatlaaticn  errors.  Sometimes,  the  degradation 
effect  of  to  is  not  significant  in  coagwrlson  with  stress  effect.  In 
those  cases,  the  estimation  of  InL: stress  line  by  the  extrapolation  of 
In  tfl(ar  In  to!  ) : stress  plot  is  quite  erroneous  (see  later  examples 
shown  In  Figs.  8  and  9)* 

6.  Application  of£(ti/Li)«l  Rile  for  life  Estimation 

To  avoid  cumilatire  hysteresis  error  of  step  stress,  it  is  desir¬ 
able  to  adopt  an  experiment  with  fewer  stress  step#.  R>r  this  purpose, 
the  cumulative  degradation  rule  Is  effectively  applicable  both  to  deg¬ 
radation  and  catastrophic  failure  estimation. 

Die  silliest  case  la  a  two-level  life  teat  In  which  shorter  life 
Ig  at  the  higher  a  trees  1*  known  in  advance  and  it  la  required  to  know 
It  at  the  lower  stress  level.  Die  estimation  equation  is  given  by: 

(*I Jlq)  +  (%/lg)  *  1  or  Ll  *  (Ig-tg)  (!5) 

where  tg,  tj,  are  actual  stressing  times  at  the  higher  and  the  lower 
stress  levels,  respectively,  and  the  total  testing  time  until  life  end 
is  Zti-tg+tL-  We  place  samples  In  a  lower  stress  level  during  tj,  and 
then  transfer  them  to  a  higher  stress  level,  for  example.  Using  the 
a  priori  knowledge  of  Ig  and  observed  tg  value,  Iq,  is  easily  obtained 
from  the  above  equation.  Mien  tq,  (or  tg)  la  fixed,  the  estimation 
accuracy  of  Iq,  Is  checked  by  taking  account  of  saaple  variation  of 
tg  (or  tr)  and  certainty  of  Ig  value  in  equation  (15).  Jbr  the  case  of 
(tgAfl)~(tq/l'L}>  the  total  testing  time  is  equal  to  (lfi*-Iq,)/2.  If 
tg/ig  is  chosen  to  be  greater  than  0.5,  testing  time  is  much  more  re¬ 
duced  hut  accuracy  decrees ea.  An  example  of  this  method  for  gm  life  is 
illustrated  in  Fig.  6.  This  principle  la,  of  course,  applicable  to  the 
experiment  of  more  than  two  stress  levels . 

Die  advantage  of  this  method  la  saving  of  saaples  and  testing 
time.  Ve  can  make  economical  use  of  staples  and  data  of  other  truncated 
life  tests  halfway  through  the  tests  to  get  further  information  by  put¬ 
ting  those  samples  into  the  Intended  stress  condition.  Moreover,  this 
rule  Is  also  successfully  applicable  to  other  problmas  such  as:  (l)  pre¬ 
diction  of  comment  life  (electronic  end  merlinnlml )  for  preliminary 
deslqp,  and  (2;  checking  the  equation  to  make  sure  whether  the  linear 
accuwilatlon  rule  holds  or  not. 
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figure  8 

Estimated  Median  Life:  Stress  Plot  by  Various  Methods 


7,  Applications  of  Cumulative  Degradation  Principle 
7-1  Cumulative  Degradation:  Stress  Plot  Method2 ^ ^ ^ 20 ^ 

The  conventional  step  stress  method  needs  at  least  two  or  three 
step  stress  experiments  at  different  ts  levels.  Oieee  methods  use  only 
Information  of  mean  stress  value  and  t*  value  to  get  lnL:stress  plot. 

In  order  to  avoid  hysteresis  error  of  the  step  stress  method  end  further 
shorten  the  testing  time.,  ve  can  make  use  of  the  knowledge  of  the  deg¬ 
radation  pattern  f  (u)**Kt,  which  Is  ascertained  by  a  constant  stress 
experiment  in  advance.  Knowing  the  degradation  pattern,  it  Is  possible 
to  evaluate  the  dependence  of  K  on  stress  or  the  slope  of  lnl>:stress 
plot  by  a  one-step  stress  process  experiment.  Shis  method  is  useful  for 
drift  failure  evaluation. 

In  brief,  procedures  of  the  method  are  ss  follows: 

(1)  Conduct  one-step  stress  experiment  of  time  Interval  tg, 

(2)  Plot  logarithm  of  net  parameter  change  Inin  or  logarithm  of 
parameter  change  Increment  lnsui  for  each  step  against  stress, 

(3)  Combining  the  knowledge  of  reaction  pattern  f(u)«Kt,  that  Is, 
dlnu^&lnt  and  the  slope  of  lxu: stress  plot;  Alnu/dstress,  find  the  slope 
of  InK:  stress;  JbXnK/A  stress/»/bnt/fk stress/, 
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(4)  Fj_.”  lnListross  by  drawing  a  straight  line  of  the  obtained 

slope  pfcgg-tng  throu^  the  known  Intel*  or  lnL.  If  experiments  are  re¬ 
peated  at  other  te  levels,  estimation  accuracy  vlll  be  ingxroved. 

rig.  9  shove  an  -Ya!?"1  *  of  composition  resistor  for  vhleh  resist¬ 
ance  change  (Ar/Vo)“u  follows  approximately  a  diffusion  model  or  power 
model,  with  exponent fi *0.5  (exact  experimental  value,  0.46  on  average): 
U»(Kt)P  or  (Ar/ro)"  Kt.  Die  obtained  slope  of  In J  (Ari/r0)“ln(tBKii)#r  n 
versus  l/l  plot  is  10<-'llxlo3.  Then,  the  estimated  activation  energy 
term  B  is  (lO^HxiC>3)/iJ,  that  is,  20~PPxMP  which  coincides  with 
B*r2D~23xlo3  obtained  independently  from  constant  stress  life  tests. 


Vfem  hysteresis  due  to  a  sub  -degradation  mode  has  occurred,  it  is 
desirable  to  emit  the  inaccurate  data  from  earlier  steps  and  use  only  the 
reliable  information  of  higher  stress.  As  long  as  we  use  the  cumulative 
data,  sligit  variations  and  errors  in  the  plot  do  not  greatly  affect  the 
slope  estimation.  Further,  to  avoid  uncertainly  caused  by  adopting  an 
unreliable  tg  value,  use  ordinary  median  life  of  constant  stress. 
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7.2  Cumulative  Failure;  Stress  Plot  Method 


A.  Introducing  Ac  emulation  Rule  into  failure  Distribution 

For  simplicity,  it  is  assumed  here  that  component  failure 
follows  the  Hsibull  distribution  vilh  shape  parameter  m  «.nS  scale  param- 
eter  to- 

R(t)»exp(-t^/t0)-exp(-ln2(t/L)m)  (16) 

where  median  life,  D*(tCrln2)^n. 

If  the  life  is  defined  as  mean  life  L-la1/®  P  (^l/m) ,  (in of 
equation  (3 6)  will  be  replaced  by  P  (l+l/m) .  Now,  introducing  the  accu¬ 


mulation  principle  into  equation  (16),  we  get 

Rn-exp(-ln2  (£(ti/Li)  )n)  (17) 

Rnaexp(-(  (FL)  x^K^  )m) 

-«P(*(  ©  (a,FL)  x^I^ti)31)  (18) 

where  ©  (m,n.)-(la2)1/“/f(FL) 

When  it  is  a  random  failure,  would  be  replaced  by  the  sum  of 

(failure  rate  x  time),  itj..  tor  the  step  stress,  putting  tp=ta: 

Rn-«p(-(t8@|Ki)ltt)  (19) 

lnln(l/Rn)  ■  mints  @  +  mlnlQi  (20) 

whereas,  is  a  correction  factor. 


Two  typical  expressions  of  are  given  as  follows: 

(1)  Thermal  step  stress  with  stress  step  $ *»  A(l/T) . 

The  reaction  rate  is  approximately  expressed  by  Arrhenius 
type,  K“ At exp(-B/T)  for  thermal  stress.  The  correction  term  is  given 
by  As  this  value  asymptotically 

approaches  to  £j.-s  -l/(l-exp”B  &  )  t  ve  can  consider  it  almost  constant 
except  initial  step?,  ihen  BSjt3,  it  is  almost  unity. 

(2)  Voltage  Step  Stress  with  an  Equal  Ratio  v-(Vi-i/Vi). 

The  condenser  life  is  accelerated  by  increasing  applied 
direct  current  voltage  V,  and  it  is  expressed  by  (Lr/L )*(v/vr)  .  if  v 
is  increased  bv  an  equal  voltage  increment  A  V,  2  or  takes  rather 

complex  form. 7;  Thai,  ve  choose  each  step  voltage  so  that  the  voltage 
ratio  of  successive  steps  is  a  constant,  v=(Vi-i/Vi).  Ftr  this  case, 
takes  a  similar  form  as 


89 


(21) 


2Ki-Vnk(l+vW^ . +vM->)=Vnk  Yv  n 

*»«ra  Jfv.n-d^/d-vk) 

Vfaen  ve  choose  vKJ.JJl- l/l.l  and  assuming  the  exponent  k"5,  ve  get 
jfy**  “l/d-vk)“2.29.  Die  difference  of  ^4  and  is  only  about  10%. 

For  thermal  stress,  fraai  equation  (20),  K»  Ayexp{-B/T)  and 

&TM  >  w  h*ve 

lnlnCl/RjjJ^lnta  ©  JfT.„  At  -*B/Tn  (^ 

Die  slope  of  lnln(l/Ba) :  l/Tn  plot  equals  to  mB. 

For  voltage  stresa,  from  equation  (20),  K-AyV*  and  2fy.  n  , 

ve  have 

lnln ( 3,/Bq ) -mlntg  §)  iy.  h  Ay  +  aklnV  (23) 

Die  slope  of  lnln(l/Bn) :  InV  plot  is  mk. 


B.  Xatlnatlon  Procedures  of  lnL:  Stress  Plot 

Die  principle  of  this  method  is  quite  similar  to  the  cumula¬ 
tive  drift  method  for  drift  failure  life  estimation  mentioned  In  sec¬ 
tion  7.1.  Analogical  coapariaon  of  thoae  methods  is  illustrated  in  Fig. 
10.  Instead  of  using  the  knovledge  of  time  dependency  of  the  drift 
pattern,  ve  can  now  make  use  of  the  knovledge  of  failure  time  distribu¬ 
tion  shape.  Using  the  information  of  distribution  shape,  such  as 
Weibull  shape  parameter  m^dlnln(l/R)/Unt  and  the  obtained  slope  of 
lnln(l/R): stress  plot  from  one  step  stresa  experiment,  that  Is, 
dlnln(l/B)/istress ,  we  can  find  the  slope  of  lnL:  stress  ^Vlnt/dstress  or 
AM/  stress. 

Assuming  the  failure  follows  Weibull  distribution  with  known 
shape  parameter  a,  estimation  procedures  to  get  laL:  stress  plot  are  as 
follows: 


(l)  Conduct  one  step  stress  experiment.  Die  equal  step  Inter¬ 
val  for  thermal  stress  is  8  “A(l/T)  and,  for  voltage  stress,  the  equal 
voltage  ratio  is  v-(V^.^/V^). 

(2)  Plot  lnlnd/Rn):  l/Tn  for  thermal  stress  and  also  plot 
1ntn(l/ftn) :  lxiVa  for  voltage  stress.  We  can  make  use  of  the  ordinary 
Weibull  chart  by  replacing  t  or  lnt  of  the  abscissa  by  l/t  or  InV. 

(3)  Bead  the  slope  of  plot,  that  is,  aiB“  lran(l/B)/4(l/T)  for 
thermal  stress  and  mk“Alnln(l/R) /ilnV  for  voltage  stress.  Dien,  ve  get 
the  activation  energy  term  B*Alnt/A(l/T)  and  voltage  acceleration  expo¬ 
nent  kndlnt/llnV  from  known  a. 
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(4)  Draw  a  line  with  the  slope  B  passing  through  lata  ^T>n  on 
the  lnt:l/T  diagram  for  thermal  stress.  His  line  Is  the  estimated 
plot,  fbr  voltage  stress,  draw  the  line  with  slope  k  through 
lntsov.n  on  the  lnt:lnV  diagram  to  get  lhL:lnV  plot.  If  the  tg  value  Is 
unreliable,  use  the  L  value  known  from  past  experiments  or  obtained  frost 
a  higher  stress  level  life  test. 

ONE  STEP  STRESS  EXPERIMENT 


Cumulative  Degradation  :  Stress  Cumulative  Failure  :  Stress 
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Comparison  of  Cumulative  Degradation  and  failure  Methods 


C.  Actual  Examples 

(1)  Hemal  step  stress  experiment  for  composition  resistor. 

figure  HA  shows  lnln(l/Rn)  :l/l!n  plot  for  drift  failure 
and  short  failure  of  co^oeitlon  resistor.  He  allowable  resistance 
changes  for  drift  failure  are  10)1  and  15 f  (aark  o  and  x  in  the  figure). 
He  Wcibull  shape  parameter  a  Is  previously  known  to  be  about  1.45.  He 
slope  of  lnln(l/lO  Is  about  13  15  x  103,  then  B  la  estimated  as 
9  10.3  x  103.  His  Is  quite  near  to  the  value  B*10  x  103  (0.86ev)  ob¬ 
tained  from  usual  constant  stress  life  tests . 

(2)  Voltage  step  stress  experiment  for  sylar  condenser. 

He  shape  parameter  m  has  b#sn  obtained  as  bK).75  on 
average  (figure  11B).  He  slope  of  lnln(l/%)  :lnV  plot  Is  found  to  be 
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Cumulative  Failure  Percent, 


■k-3.8.  Ac  ea  tint  tod  k  value  la  3.8/0.75=5.2  -which  shows  good  coinci¬ 
dence  with  k-5.3  obtained  from  constant  stress  experiments. 


—  2 6  24  22  t/FxlO3 


Samples  of  emulative  failure:  Stress  Plot  Method 


D.  Additional  Comment#  to  implications  of  the  Method 

Regarding  applications  of  this  emulative  failure  method, 
s one  remarks  to  be  emphasized  are  as  follows : 

(1)  She  rapid  check  of  life  characteristic  variation  Is 
possible  by  the  modification  of  one  step  stress  experiment.  First,  put 
the  samples  under  constant  stress  specified  and  plot  conventional 
Welbull.  plot,  l.e. ,  lnln(l/R)  :lnt  plot  to  make  sure  of  shape  parameter 
a  and  after  a  certain  percentage  of  failure  (say,  50)1)  has  occurred, 
transfer  the  remaining  samples  to  a  step-up  stress  experiment,  succes¬ 
sively,  to  check  aB  or  ak  by  observing  lnln(l/R):  stress  plot.  We  can 
check  shape  parameter  a  end  sB  or  nk  on  the  same  Welbull  paper  through  a 
single  experiment. 

(2)  The  failure  distribution  to  which  this  principle  Is 
applicable  Is  not  only  limited  to  the  Welbull  distribution  with  a  con¬ 
stant  shape  parameter,  then  the  Welbull  shape  parameter  a  Is  not  con¬ 
stant  but  the  plot  transfers  In  parallel  by  the  amount  dint,  keeping  its 
shape  unchanged  as  stress  varies,  the  life  acceleration  factor  Al  is  re¬ 
lated  to  Alnt  by  lnAl/'dlnt.  Thus,  as  far  as  acceleration  of  failure 
pattern  Is  possible,  this  method  Is  applicable.  If  the  Welbull  plot  Is 
not  straight,  the  obtained  lnln(l/R) : stress  plot  will  also  vary  non¬ 
linear  ly  with  B  or  k  times  slope. 
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In  the  case  of  lognormal  distribution  -Jor  example :  -dfi/dt* 
expt-lnCt/L)2/^),  l(t)-exp(lnL*r2/2)=lm,  V(t)-exp 
(lnl/vtf2)  (exp<T  -l)“(L«lr  («r-l) ,  the  above  accumulation  rule  could  be 
introduced  Into  t/L  of  the  exponential  term  as  Ion#  as  a  shape  factor 
<F**lna2  is  kept  constant  for  stress  acceleration. 


(iff/lXv, 

fields. 


(3) 


m 


It  Is  •wrthvhile  to  note  that  the  equation  similar  to 
for  condenser  life  mentioned  above  Is  often  ftmnd  in  other 
Diis  equation  Is  generally  expressed  by: 


(i*AMa/Sr)k 


(24) 


There  S  Is  stress 


Die  endurance  life  of  b&'ll  bearings,  rupture  strength  of  steel,  and 
filament  life  of  light  bulbs  follow  this  relationship,  hence,  the  method 
explained  here  Is  applicable  not  only  to  condensers  but  also  to  these 
materials. 


8-  Conclusion 

A.  Die  degradation  accumulation  principle  and  stress-time  trans¬ 
formation  of  reaction  theory  offer  us  some  useful  estimation  tools  of 
component  life. 

(1)  Die  difference  between  failure  rate  acceleration  factor 
and  life  acceleration  factor  la  pointed  out.  Given  the  Welbull  shape 
parameter  m,  two  factors  are  related  by  A^-Af,111. 

(2)  Die  generalized  cumulative  degradation  rule,  2  (ti/ld)“l> 

Is  Introduced.  Using  this  rule,  estimation  and  prediction  of  cosponent 
life  under  successive  different  stress  levels  are  possible  both  for 
drift  and  catastrophic  failure.  Die  advantage  of  the  method  Is  economic 
evaluation  of  component  life  by  corinlnlng  Its  past  knowledge  of  life  and 
stress  history. 

(3)  Assuming  the  knowledge  of  drift  pattern  or  shape  of 
failure  time  distribution.,  lnL:  stress  plot  is  estimated  from  the  Informa¬ 
tion  of  accunulated  drift  or  failure  versus  stress  plot  obtained  by  one 
step  stress  experiment. 
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THE  APPLICATION  OF  FAILURE  ANALYSIS 
IN  PROCURING  AND  SCREENING  OF  INTEGRATED  CIRCUITS 
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and 


L.  David  Hanley 
ABSTRACT 


The  procedure  for  the  testing,  screening,  and  lot  rejection  of 
integrated  circuits  for  the  Apollo  Guidance  and  Navigation  computer  is 
described.  The  procedure,  based  on  a  knowledge  of  failure  modes,  failure 
mechanisms  and  contributing  causes  to  failures  in  the  manufacturing  of 
devices,  attempts  to  increase  the  reliability  of  integrated  circuits.  This 
is  accomplished  by  screening  and  analyzing  weak  devices  and  using  the 
generated  data  to  quantitatively  assess  the  lot  for  acceptance,  rework  cr 
rejection.  The  technique,  .vhich  is  primarily  aimed  toward  high-usage 
high-volume  devices,  was  developed  after  extensive  testing  of  many  tens 
of  thousands  of  integrated  circuits.  The  process  documents  included  in 
the  appendix  contain  stress  test  procedures,  classification  of  failure 
modes,  numerical  rejection  limits  per  class  of  failure  modes,  internal 
visual  rejection  criteria,  and  leak  test  procedures. 

To  emphasize  the  need  for  the  described  technique,  data  is 
presented  showing  variations  among  vendors  and  variation  among 
procurement  lots  shipped  from  a  single  vendor.  The  contributing  factors 
to  the  variations  are  discussed. 

A  discussion  of  the  evolution  of  the  process  documents  is 
presented.  The  ultimate  goal  of  the  documents  is  the  elimination  or 
minimization  of  detected  failure  modes.  Failure  studies  have  shown  that 
some  failure  modes  are  screenable  with  high  confidence  whereas  attempts 
to  screen  other  types  of  failure  modes  merely  decrease  the  life  of  the 
device.  In  the  latter  case,  the  detection  during  short  term  stressing  of 
devices  which  exhibit  long  time  dependent  failure  modes  is  a  low 
probability  event.  After  one-hundred-percent  nondestructive  testing, 
sample  destructive  testing,  failure  analysis  and  failure  mode  grouping, 
the  classes  of  failure  modes  in  a  lot  are  then  weighted  in  accordance  with 
screenability  and  detectability.  Failure  of  a  lot  to  fall  within  the  acceptable 
limits  will  instigate  action  as  to  whether  the  lot  will  be  rescreened, 
resubmitted  iojtighter  acceptable  limits,  or  whether  a  portion  of  the  lot 
or  the  entire  lot  will  be  rejected.  The  decision  for  lot  or  sublot  r  ejection 
is  based  on  the  traceability  of  the  nonscreenable  failure  modes  to  a 
critical  manufacturing  process.  The  approach  presents  a  continuous 
monitoring  procedure  for  qualification  of  parts  and  vendors,  and  creates 
an  incentive  on  the  part  of  the  vendor  to  eliminate  causes  of  failures. 
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INTRODUCTION 

Small- sample  stress  testing  as  applied  to  device  procurement 
has  dubious  application  for  systems  with  increased  high  reliability  goals. 
As  a  result,  one-hundred-percent  nondestructive  stress  testing  has 
become  fashionable.  Unfortunately,  even  the  testing  and  stressing  of 
entire  lots,  by  Itself,  cannot  assure  the  elimination  of  nonscreenable 
failures.  In  an  attempt  to  fill  in  this  gap,  an  approach  will  be  presented, 
using  semiconductor  integrated  circuits  as  an  example,  whereby  the 
frequency  of  field  failures  can  be  decreased  beyond  the  point  presently 
possible  through  one-hundred-percent  testing  alone.  This  approach  is 
based  on  the  knowledge  of  failure  modes,  failure  mechanisms,  and 
contributing  causes  during  device  manufacturing,  all  of  which  can  be 
applied  to  the  screening  and  acceptance  criteria  of  procurement  lots. 
The  technique  was  developed  after  extensive  testing,  data  analysis,  and 
failure  analysis  of  integrated  circuits. 

There  were  two  major  factors  which  aided  the  study  and 
development  of  the  screening  and  lot  acceptance  procedures.  One  was 
the  decision  to  use  only  one  Nor  gate,  as  shown  in  Fig.  1,  for  all  logic 
functions  in  the  Apollo  Guidance  and  N avigation  computers.  This  resulted 
in  high  volume  procurement,  an  absolute  necessity  for  establishing  proven 
low  failure  rates  of  any  new  device  in  a  short  period  of  time.  The  second 
was  the  choice  of  an  extremely  simple  circuit  which  aids  an  effective 
screening  process.  The  accessibility  of  the- circuit  elements  enables 
quick  detection  and  diagnosing  of  insidious  failures  without  extensive 
probing  as  required  with  more  complicated  circuits.  For  some  failures, 
as  for  example  those  which  are  induced  by  surface  conditions,  it  is 
desirable  to  be  able  to  study  the  characteristics  of  the  integrated  circuit 
components  without  opening  the  package. 

It  became  immediately  obvious  that  small- sample  stress  testing 
could  not  guarantee  that  each  purchased  lot  would  meet  the  Apollo 
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integrated  circuit  failure  rate  requirements.  The  MIL-S-19500D 
statistical  sampling  procedure  was  both  not  applicable  nor  practical. 
Furthermore,  as  long  as  all  failure  modes  were  not  completely 
screenable,  one-hundred-percent  screening  alone  was  not  sufficient  to 
attain  the  required  high  reliability  goals.  A  study  of  the  various  failure 
modes  of  integrated  circuits  created  the  dilemma  whereby  some  of  the 
failure  modes  were  easily  screened  by  standard  screening  techniques  and 
others  only  occasionally  detected.  No  assurance  could  be  made  with  any 
reasonable  confidence  that  the  devices  with  these  troublesome  defects 
had  been  removed  from  the  lot.  To  overcome  this  problem,  lot  acceptance 
criteria  were  established  which  would  identify  with  high  confidence  those 
lots  in  which  insidious  failure  modes  were  not  prevalent  and  screening 
had  been  adequate.  Providing  an  effective  failure  mode  detection  system, 
the  procedure  for  lot  acceptance  is  based  on  one-hundred-percent 
nondestructive  tests  and  sample  destructive  testing.  All  the  failures 
generated  from  the  testing  are  completely  analyzed.  The  failure  modes 
are  then  classified  by  groups  and  compared  to  the  acceptance  ci  iteria. 
It  must  be  emphasized  that  the  lot  is  accepted  or  rejected  not  only  because 
of  the  number  of  failures  but  also  on  whether  the  failure  modes  generated 
were  nonscreenable  or  insidious  and  long-time  dependent. 
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Figure  1 

Schematic  of  the  silicon  monolithic  dual  three  input  nor  gate. 


VENDOR  SELECTION  &  FLIGHT  QUALIFICATION  PROCEDURE 

To  assist  the  understanding  of  the  lot  acceptance  procedures,  a 
general  discussion  of  the  semiconductor  part  vendor  selection  and  flight 
qualification  procedures  will  be  given  as  performed  for  the  Apollo 
Guidance  and  Navigation  computer. 
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The  process  begins  with  an  assessment  of  the  vendor's  ability  to 
supply  devices,  the  institution  of  component  standardization  in  designs, 
and  the  preliminary  study  of  device  failure  modes.  A  block  diagram  of 
this  preliminary  evaluation  which  precludes  any  production  procurement 
is  given  in  Fig.  2.  The  qualification  procurements  which  supply  parts  for 
the  qualification  testing  and  engineering  evaluations  established  the 
manufacturer's  device  processing.  One  of  the  indirect  results  of  the 
initial  procurements  is  the  early  detection  of  new  failure  modes.  The 
conclusions  of  the  failure  analyses  are  then  fed  back  to  the  manufacturer 
who  in  turn  attempts  corrective  action.  This  cyclic  procedure  is  continued 
until  the  most  obvious  problems  have  been  eliminated.  Additionally,  the 
early  detected  failure  modes  coupled  with  past  experience  are  utilized  to 
design  the  qualification  testing. 
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Figure  2 

Block  diagram  of  the  vendor  selection  procedure. 


The  formalized  qualification  testing  begins  when  the  vendors  have 
supplied  devices  representative  of  their  finalized  manufacturing  process. 
It  is  extremely  important  that  all  qualification  and  engineering  testing  be 
performed  on  devices  fabricated  from  the  identical  process  used  to  supply 
computer  production  devices.  The  qualification  tests  subject  the  devices 
from  various  vendor s  to  the  extremes  of  and,  to  a  limited  extent,  beyond 
usage  conditions  in  an  attempt  to  detect  failure  modes  which  could  occur 
in  normal  applications. 

The  engineering  evaluations  are  performed  simultaneously  with 
the  qualification  procedures  to  determine  device  speed,  fanout 
capabilities,  noise  immunity,  and  operating  temperature  range.  From 
this  evaluation,  the  optimum  computer  design  is  developed.  It  is  at  this 
time  that  tests  are  conducted  to  determine  the  electrical  parameters 
which  will  insure  proper  device  operation  in  every  usage  mode  and  to 
establish  the  logical  design  rules  for  the  computer. 
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The  qualification  and  engineering  evaluations  determine  those 
vendors  who  are  capable  of  supplying  the  semiconductor  part  and  who  do 
not  exhibit  any  gross  reliability  problems.  The  qualification  tests  alone 
arc  '^sufficient  to  determine  tlie  ability  of  a  vendor  to  control  his  process, 
but  large-volume  production  procurement  data  fed  back  from  screen  and 
burn-in  supplies  extensive  vendor  history. 

Utilizing  the  data  generated  during  the  engineering  evaluations 
and  qualification  tests,  toe  specification  control  document  (SCD)  is 
prepared.  The  SCD  is  toe  document  to  which  production,  parts  are  bought. 
Based  on  toe  qualification  by  vendors,  the  qualified  suppliers  list  (QSL) 
is  formed  which  specifies  the  vendors  from  whom  toe  production  parts 
shall  be  procured. 

Once  toe  SCD  and  QSL  have  been  released,  production  procurement 
may  begin.  Figure  3  pictures  toe  general  flow  of  parts  and  data  as 
required  for  flight  qualification.  The  devices  procured  by  lots  proceed 
through  the  screen  and  burn-in  (S&BI)  teat  sequence. 
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Figure  3 

Block  diagram  of  the  flight  qualification  procedure. 


Upon  completion  of  screen  and  burn-in  toe  lot  is  stored  until 
failure  analysis  is  completed.  All  failed  units  are  catalogued,  analyzed, 
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and  classified  to  complete  the  lot  assessment,  followed  by  a  written 
report.  If  the  lot  passed,  all  the  devices  that  passed  all  tests  can  be 
identified  as  a  flight  qualified  part  with  a  new  part  number  and  sent  for 
production  usage.  Only  the  semiconductor  part  with  the  flight  qualification 
part  number  can  be  used  in  flight  qualified  computer  assemblies.  From 
failure  analysis,  rejected  parts  proceed  to  reject  storage  where  they  will 
be  available  for  future  study  if  required.  In  the  event  that  the  lot  failed 
because  of  circumstances  not  completely  defined  through  failure 
classification,  the  lot  can  be  flight  qualified  by  waiver.  The  waiver  must 
be  authorized  by  NASA  and  will  accompany  the  computer.  In  certain 
limited  cases,  parts  from  a  failed  lot  may  be  resubmitted  for  rescreening. 

The  accumulated  data  from  the  screen  and  burn-in  procedure  and 
failure  analysis  are  utilized  to  further  evaluate  the  vendor  production 
capability  and  his  device  quality  and  reliability.  This  in  turn  affects  a 
vendor's  continued  status  as  a  qualified  supplier. 

LOT  ACCEPTANCE  SPECIFICATIONS 

The  specifications  which  control  the  implementation  of  the  process 
described  in  Fig.  3  for  the  dual  Nor  gate,  are  given  in  the  appendix. 
These  documents  will  be  briefly  described  to  summarize  the  salient 
features. 


A.  ND  1002248 

The  Apollo  Guidance  and  Navigation  Specification,  ND  1002- 
248,  is  the  central  document  on  which  each  procured  lot  qualification 
is  based.  This  document  specifies  the  procedures  required  for  lot 
acceptance  resulting  in  flight  qualified  parts.  In  particular,  ND 
1002248,  specifies  the  details  of: 

1.  The  operational  and  environmental  stress  test 
procedures  and  sequence  commonly  referred  to  as  the 
screen  and  burn-in  procedure.  The  screen  and  burn-in 
procedure  was  designed  to  detect  failure  modes  which 
could  occur  during  the  normal  stress  and  environmental 
application  of  the  device. 

2.  The  electrical  parameter  tests  to  be  performed  during 
the  3cr een  and  burn-in  procedure.  The  tests  as  defined 
were  determined  during  the  engineering  evaluation  and 
were  chosen  to  detect  failures  and  assure  proper 
computer  operation. 

3.  Definitions  of  failures.  Failures  have  been  defined  as 
catastrophic,  several  categories  of  non-catastrophic, 
induced,  and  inspection  failures. 

.  4.  Allocation  of  failures .  The  conditions  are  defined  for 
removal  from  the  screen  and  burn-in  procedure  of 
failures  which  are  to  be  forwarded  to  failure  analysis. 

5.  Classes  of  failure  modes.  Failure  modes  are  classified 
according  to  screenability  and  detectability.  This 
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classification  will  be  discussed  in  detail  in  a  later 
section. 

6.  Maximum  acceptable  number  of  failures  per  class  of 
failure  mode  for  all  100%  electrical  parameter  test 
stations. 

7.  Maximum  acceptable  number  of  failures  for 
nonelectrical  tests  and  all  sample  electrical  parameter 
tests. 

8.  The  report  required  for  each  flight  qualified  lot.  The 
report  must  contain  the  complete  history  of  the  lot  with 
the  specific  data  and  analysis  required  for  flight 
qualification. 

9.  Data  and  failed  parts  storage.  In  order  to  assure 
traceability  and  future  analysis  should  field  failures 
occur,  the  conditions  of  data  and  failed  parts  storage 
are  given. 

10.  Contractual  requirements  to  implement  lot 
qualification. 

B.  ND  1002257 

The  Apollo  Guidance  and  Navigation  specification,  ND  1002- 
257,  defines  the  rejection  criteria  for  internal  visual  inspection  of 
silicon  monolithic  integrated  circuits.  This  specification  was 
included  in  the  appendix  because  of  the  affect  of  the  criteria  on  lot 
acceptance.  ND  1002257  serves  a  dual  purpose  in  that  it  is  applied 
by  the  device  manufacturer  during  a  one-hundred-percent  preseal 
inspection  for  removal  of  defective  parts,  and  by  the  customer  on 
a  sample  basis  as  a  destructive  test  for  lot  acceptance.  Some  of  the 
problems  in  a  lot  may  only  be  detected  by  destructive  internal 
visual  Inspection.  Certain  failure  modes  can  only  be  observed 
after  the  sealed  and  branded  device  has  been  exposed  to  operational 
and  environmental  stresses. 

The  internal  visual  inspection  criteria  were  defirted  after 
most,  if  not  all,  of  the  failure  modes  of  silicon  monolithic  integrated 
circuits  were  determined.  No  device  is  rejected  merely  on  the 
basis  of  aesthetics.  Devices  are  rejected  only  when  a  fault  which 
contributes  to  a  known,  potential  failure  may  be  visually  observed. 
The  rejection  criteria  of  ND  1002257  do  not  attempt  to  reject  all  of 
thevisually  observed  faults  contributing  to  failure,  because  of  the 
difficulty  of  precisely  or  quantitatively  defining  faults  which  are 
subject  to  individual  interpretation.  It  has  been  our  approach  that 
ultimate  reliability  will  be  improved  by  rejecting  to  major,  easily 
observed  defects  rather  than  by  rejecting  to  a  long  complicated 
list  of  qualitatively  defined  defects. 

C.  ND  1002246 

The  Apollo  Guidance  and  Navigation  Specification,  ND  1002- 
246,  which  was  written  after  a  series  of  correlation  tests,  states  the 
procedures  for  leak  testing  of  flat  packages.  It  was  determined 
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that  the  standard  fine  and  gross  leak  tests  are  insufficient  for 
detecting  the  entire  range  of  leakers  for  all  flat  package  designs. 
This  specification  was  included  because  lack  of  adequate 
hermeticity  abets  some  of  the  insidious  time- dependent  failure 
modes. 

FAILURE  MODE  CLASSIFICATION  AND  ACCEPTANCE  NUMBERS 

The  essence  of  the  lot  acceptance  procedures  as  specified  in  ND 
1002248  is  contained  in  the  classification  of  failure  modes  and  associated 
acceptance  numbers.  Although  any  failure  which  occurs  in  a  critically 
highly  reliable  system  is  undesirable,  failure  modes  may  be  grouped  in 
accordance  with  available  methods  of  elimination.  A  previous  report1 
lists  the  failure  modes  detected  in  silicon  monolithic  integrated  circuits 
along  with  some  contributing  causes  and  stress  dependencies.  An  updated 
list  of  the  detected  failure  modes  is  given  in  ND  1002248,  section  4.2.2. 
These  failure  modes  which  were  generated  after  one-hundred-percent 
testing  may  be  classified  in  the  following  manner: 

1.  Special  Cases  of  Noncatastrophic  Failures  (Group  0) 

These  include  devices  which  do  not  meet  the  electrical 
specifications  at  incoming  electrical  tests,  devices  which  drift  out 
of  the  electrical  specification  limits  during  stress  testing  but  do  not 

— - exceed  s  given  percentage  drift,  and  devices  which  never  exceed 

the  electrical  specification  limits  during  stress  testing  but  which 
exceed  agiven  percentage  drift.  These  failures  do  not  necessarily 
impede  computer  operation. 

2.  Screenable  Failure  Modes  (Group  I) 

The  contributing  causes  and  stress  dependencies  of  these 
failure  modes  are  sufficiently  well  known  so  that  the  failure  modes 
are  screenable 'to  a  high  confidence  through  electrical  and  stress 
testing, 

3.  Nonscreenable  but  Detectable  Failure  Modes  (Group  II) 

Failure  modes  which  are  classified  in  this  manner  usually 
exhibit  intermittency,  serious  surface  problems,  or  require  severe 
stressing  for  screenability.  These  failure  modes  are  not  screenable 
atnormal,  nondestructive  stress  levels,  butare  generally  detected 
in  finite  amounts  at  normal,  nondestructive  stress  levels  if  they  are 
insidious  within  the  lot. 

4.  Nonscreenable  Difficult-to-Detect  Failure  Modes  (Group  III) 

These  failure  modes  are  generally  long  accumulative  time 
dependent  at  nondestructive  stress  levels.  As  a  result,  detection  of 
such  failure  modes  during  short-term  nondestructive  testing 
becomes  a  low  probability  event.  Also  placed  in  this  category  are 
failure  modes  which  are  nonelectrically  detectable,  as  for  example, 
*  a  chip  detached  from  the  header  where  the  header  does  not  provide 
electrical  contact  and  the  bonds  or  lead  wires  are  not  broken. 
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5.  New  Failure  Modes  or  Failure  of  Unknown  Causes  (Group  IV) 

If  such  failure  modes  occur,  studies  must  be  performed  to 
determine  the  screenability  and  the  destructive  effects  of  the 
various  stress  tests. 

The  failure  mode  classifications  described  above  were  listed  by  groups 
in  order  of  decreasing  screenability  and  detectability.  Table  I  of  ND 
1002248,  section  4.2.3,  gives  the  maximum  allowable  percent  failures  for 
each  failure  mode  classification  for  each  lot  processed  through  screen 
and  burn-in.  As  the  degree  of  screenability  and  detectability  decreases, 
the  failure  mode  classification  is  more  heavily  penalized.  The  Group  II 
and  III  failure  modes  are  more  heavily  penalized  after  the  incoming 
electrical  test,  because  it  is  of  more  concern  when  these  devices  fail 
after  they  were  known  to  be  good.  Note  that  a  maximum  limit  is  still 
placed  on  the  screenable  failure  modes.  This  is  done  for  two  reasons. 
First,  one 'can  never  be  one-hundred-percent  confident  that  all  potential 
failures  have  been  eliminated.  Second,  the  limit  sets  a  guard  against  a 
multiplicity  of  failure  modes  which  is  Indicative  of  poor  workmanship  and 
sloppy  control.  The  limits  set  on  the  Group  0  failure  modes  are,  in 
general,  a  guard  against  careless  testing. 

The  percentages  of  Table  I  were  based  on  a  screen  and  burn-in 
study  of  over  200,000  Nor  gates.  Lots  which  have  not  passed  the  limits 
of  Table  I  have  exhibited  reliability  problems  predicted  by  the  results  of 
screen  and  burn-in  and  failure  analysis. 

Table  II  of  ND  1002248,  gives  the  limits  of  the  leak  tests  and 
sample  tests  of  the  screen  and  burn-in  procedure.  Theoretically,  package 
leaks  are  screenable,  but  the  limits  guard  against  poorly  executed  leak 
test  procedures.  All  the  sample  tests  performed,  with  the  exception  of 
the  emitter-base  back  bias  and  physical  dimensions  tests,  are  considered 
destructive.  The  additional  handling  required  by  the  shock  and  vibrations 
testing  have  induced  failures  in  the  flat  package.  The  emitter-base  back 
bias  test  which  is  performed  to  detect  surface  instabilities  will  indicate 
the  surface  problems  of  the  entire  lot.  Although  the  limit  set  on  the 
internal  visual  inspection  appears  loose,  the  limit  reflects  problems  in 
interpretation  and  subjectivity. 

METHODS  OF  LOT  REJECTION  AND  ACCEPTANCE 

Because  the  provisions  of  ND  1002248  do  not  explicitly  define,  at 
this  time,  the  various  methods  of  possible  lot  rejection,  a  discussion  will 
be  presented  here. 

1.  Lot  Rejection 

Any  large  lot  of  a  semiconductor  device  fabricated  from  a 
continuously  operating  production  line  does  not  necessarily  consist 
of  homogeneous  product  and  is  certainly  a  function  of  start-to-finish 
yield.  However,  there  are  some  failure  modes  which  when  detected 
are  known  to  be  prevalent  in  the  entire  lot.  An  example  of  such  a 
failure  mode  is  interconnect  corrosion  which  is  caused  primarily 
by  the  presence  of  excess  oxygen  and  moisture  although  thinning  of 
metalization  and  heat  are  aggravants.  The  primary  causes  of  this 
failure  mode  are  usually  traced  to  improper  wash  and  dry  techniques 
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'  of  the  unsealed  assembled  device,  device  storage  and  device  sealing. 

Another  example  requiring  lot  rejection  are  failure  modes  due  to 
surface  instabilities.  Surface  problems  depend  on  the  variabilities 
of  most  of  semiconductor  processing  and.  if  not  eliminated,  are 
known  to  be  prevalent  in  many  lots  of  semiconductor  devices.  Lot 
rejection  is  necessitated  when  failure  modes  whose  causes  originate 
in  the  production  line  affect  the  entire  lot.  i 

2.  Sublot  Rejection 

Since  each  lot  of  integrated  circuit  Nor  gates  is  composed 
of  many  diffusion  lots,  sublot  rejection  is  possible  if  failure  modes 
are  related  to  the  diffusion  sublots,  and  traceability  iB  maintained 
after  dicing  and  subsequent  assembly.  It  is  the  intent  of  ND  1002248 
to  reject  devices  with  the  possibility  of  insidious  failure  modes  and 
accept  devices  with  excellent  reliability  potential.  The  assumption 
that  sublots  are  handled  nearly  identically  implies  that  if  one  unit 
exhibits  insidious  or  long-time  dependent  failure  mode,  many 
undetected  devices  will  contain  that  failure  potential.  Failure  modes 
whose  causes  originate  in  the  variations  of  diffusion,  oxidation; 
metalisation,  and  etching  may  not  be  insidious  in  all  diffusion  lots. 
Examples  of  such  failure  modes  are  contained  in  Section  4.2.2  of 
ND  1002248  and  are  al,  b3,  b8,  c2,  and  c4. 

3.  Rescreen  and  Rework 

Some  of  the  listed  failure  modes  are  amenable  to  rescreen 
by  the  stressing  which  triggers  or  selects  out  failures.  MoBt  of 
these  failure  modes  are  generally  in  the  Group  0  and  Group  I 
category.  If  this  resubmittal  procedure  is  applied,  tighter  ac¬ 
ceptable  limits  should  be  met. 

There  are  also  certain  applicable  screen  procedures  which 
are  not  part  of  the  screen  and  burn-in  procedure  because  of  their 
lack  of  universal  application,  or  their  effectivity  or  lack  of 
destructivity  have  not  been  proven.  For  example,  x-raying  of 
TO- 47  package  integrated  circuits  has  shown  to  be  an  excellent 
screen  procedure  for  excess  lead  length  and  leads  shorting  to  one 
another.  However,  the  technique  is  useless  for  devices  which 
employ  aluminum  loads,  (aluminum  is  transparent  to  x-rays)  and 
the  applicability  to  flat  packages  has  not  been  proven. 

As  effective  nondestructive  screen  procedures  are 
developed,  use  of  such  procedures  on  an  individual  or  universal 
basis  may  be  instituted. 

4.  Waivers 

Since  no  specification  is  perfect,  unforeseen  contingencies 
of  the  specification  may  cause  lots  to  fail  for  reasons  other  than 
device  faults  and  poor  stressing  procedures.  In  these  events, 
waivers  become  necessary. 

VARIATION  AMONG  MANUFACTURERS  AND  LOTS 

The  previous  sections  have  dealt  with  a  description  of  the  system 
incorporating  the  lot  acceptance  procedure  by  failure  modes.  Data  will 
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now  be  presented  indicating  the  need  for  such  an  acceptance  procedure 
because  of  the  variations  among  manufacturers  and  lots  of  a  single 
manufacturer. 

Table  I  is  a  summary  of  reliability  data  accumulated  up  to  October 
1964  for  the  single  Nor  gate  in  a  TO-47  package.  This  data  has  been 
previously  discussed  in  detail.  *  The  data  is  presented  here  to  show  the 
extreme  differences  in  reliability  performance  among  manufacturers. 
The  screen  and  burn-in  procedure  is  as  described  in  ND  1002248  except 
that  Yj  centrifuge,  emitter-base  back  bias,  vibration,  and  shock  testing 
were  not  performed.  The  electrical  failure  definitions  during  screen  and 
burn-in  were  any  inoperable  devices  or  any  device  exceeding  the  electrical 
specifications.  The  percentages  include  approximately  0.05  to  0.1% 
combined  induced  failures  and  testing  errors.  The  initial  qualification 
results  are  also  included  in  Table  1  where  the  failure  definition  was  an 
inoperable  device.  The  extreme  differences  among  the  manufacturers  is 
also  reflected  in  the  failure  modes  generated  during  both  the  initial 
qualification  and  screen  and  burn-in.  For  the  data  in  Table  I  Manufacturer 
A  rarely  exhibited  the  nonscreenable,  and/ or  long-time  dependent  failure 
modes  while  both  Manufacturers  B  and  C  consistently  did.  The  inoperable 
failures  generated  at  computer  use  conditions  for  Manufacturers  B  and 
C  were  of  the  nonscreenable,  long-time  dependent  failure  modes. 


TABLE  1 

A  summary  of  vendor  reliability  evaluation. 


VCNOOR 

INITIAL 

QUALIFICATION 

SCflCtN  8  BURN-  IN 
%  FAILURES 

FAiLURC  RATES  AT  USE 
CONDITIONS 

%  FAILURE* 

TOTAL* 

80%  confidence 

■ 

8 

1.8 

0.8 

aOOfl%/IO*  In  (0  RUUJRE*) 

■ 

II 

D 

1.7 

0,1%/ (0*  Art  (t  RM LURES) 

H 

88 

1 

1.8%/ 10*  kn  (MNMLURO) 

»  TOTAL  •  ALL  ELECTRICAL  ANO  MCCHAMCAL  FAILURES 
•  •  ELECTRICAL  FAILURES  AFTtR  INCOMM8  ELECTRICAL  TEST* 


It  is  interesting  to  note  that  the  same  devices  used  to  generate 
the  data  of  Vendor  A  of  Table  I  have  since  exhibited  a  failure  rate  cf 
0.0018%/ 103  hours  at  90%  confidence  as  of  30  August  1965  with  no  oper¬ 
ational  failures.  The  same  devices  of  Vendors  B  and  C  have  not  im¬ 
proved  their  failure  rates  because  additional  failures  have  occurred. 
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The  data  of  Table  I  once  again  points  out  the  fact  that  there  are 
differences  in  the  quality  and  reliability  of  devices  produced  among  dif¬ 
ferent  manufacturers.  Even  though  the  general  technical  procedures  of 
designing  and  building  semiconductor  devices  are  well  known  throughout 
the  industry,  the  approaches  to  production  control,  problem  detection  and 
elimination,  and  process  refinement  varies  widely  among  manufacturers. 
It  is  necessary  for  a  qualified  manufacturer  not  only  to  minimize  the 
number  of  failures  but  also  to  maintain  process  control  such  that  a 
multiplicity  of  failure  modes  does  not  occur,  and  long-time  dependent 
failure  modes  do  not  exist.  If  it  is  not  the  ultimate  goal  of  a  manufacturer 
to  design  and  build  reliability  into  his  device,  effective  improvement  can 
never  be  realized  through  device  evaluation,  stress  testing  and  quality 
control. 

The  more  subtle  differences  in  quality  and  reliability  may  be 
observed  in  variations  of  lots  shipped  from  one  manufacturer.  The  data 
of  Fig.  4  indicates  the  numerical  variations  for  the  single  Nor  gate  in  a 
TO-47  package  from  one  qualified  manufacturer.  Here,  only  the 
inoperable  failures  are  plotted  and  induced  failures  and  testing  errors 
have  been  eliminated  from  the  data.  These  single  Nor  gates  were  exposed 
to  the  screen  and  burn-in  procedure  as  described  in  ND  1002248  except 
that  Y2  centrifuge,  emitter-base  back  bias,  vibration  and  shock  testing 
were  not  performed.  Each  point  represents  a  shipment  lot  of  2000  to 
5000  Nor  gates.  Figure  4a  shows  the  percent  catastrophic  failures  at  the 
incoming  electrical  tests.  Figure  4b  shows  the  percent  catastrophic 
failures  which  were  generated  after  stressing  with  incoming  catastrophic 
failures  removed.  There  are  fewer  points  plotted  in  Fig.  4b  than  in  Fig. 
4a,  since  some  lots  not  used  for  flight  hardware  were  not  exposed  to 
screen  and  burn-in. 


Figure  4 


Vendor's  performance  through  screen  and  burn-in  vs  time. 


Examining  only  the  numerical  differences  among  lots  of  the  same 
device  shipped  from  the  same  vendor,  Fig.  4  shows  that  the  percent 
catastrophic  failures  developed  an  average  stabilized  region  of  0  to  0.1% 
at  incoming  electrical  test  and  0.1  to  0.1 5%  at  electrical  tests  after 
stressing.  Most  high  points  above  these  levels  have  been  correlated  to 
events  occurring  at  the  manufacturer.  The  high  points  prior  to  October 

1963  represent  the  tail  end  of  the  manufacturer's  learning  curve.  The 
high  point  at  late  April  1964  may  have  occurred  due  to  reallocation  of 
line  personnel  in  anticipation  of  line  shut  down.  There  was  no  buying  of 
the  three  input  Nor  gate  between  June  and  October  1964,  so  that  the  line 
producing  the  integrated  circuit  was  temporarily  discontinued.  As  a 
result  when  the  production  line  was  reinstated,  several  lots  after  October 

1964  indicated  a  new  region  of  instability.  At  that  time  rapid  feedback  to 
the  manufacturer  from  the  customers  resulted  in  subsequent  decrease  of 
catastrophic  failures  during  the  screen  and  burn-in  procedure. 

One  aspect  of  problem  areas  which  the  data  of  Fig.  4  does  not 
indicate  are  the  failure  modes  generated  during  screen  and  burn-in. 
With  very  few  exceptions,  the  lots  prior  to  June  1964  exhibited  only  the 
less  troublesome  or  screenable  failure  modes  and  usually  each  lot  would 
exhibit  only  one  predominant  failure  mode.  This  was  not  the  case  fer  lots 
shipped  after  October  1964.  These  lots  exhibited  a  variety  of  failure 
modes  including  thenonscreenable  type,  but  they  were  walvered  because 
of  some  uncertainty  of  the  lot  reject  levels.  It  is  interesting  to  note  that 
several  of  these  lots  have  already  exhibited  failures  after  screen  and 
burn-in.  Confidence  in  the  reject  levels  has  since  been  established. 

It  might  appear  that  the  high  points  of  Fig,  4  represent  only  a 
small  percentage  of  catastrophic  failures.  But  once  again  we  must  be 
reminded  of  the  very  low  failure  rates  that  must  be  achieved.  Referring 
again  to  Table  I  it  is  seen  that  Manufacturer  A  developed  a  total  of  0.3% 
failures  after  100%  stress  tests  were  performed.  Looking  only  at  the 
catastrophic  failures  due  to  device  faults,  the  percentage  becomes  0.2  to 
0. 25%.  This  sample  of  devices  exhibited  one  predominant  failure  mode  qf 
a  screenable  type  and  subsequently  proved  that  a  failure  rate  of  0.0018/  10J 
hours  at  90%  confidence  is  attainable.  In  accordance  with  the  data  of 
Table  I  and  the  failure  modes  generated,  the  lots  with  the  larger  number 
of  failures  of  Fig.  4  do  not  represent  a  negligible  percentage  fallout  in 
light  of  the  required  reliability  goals. 

One  might  ask  how  a  manufacturer  can.  achieve  excellence  in 
reliability  performance,  and  then  for  a  short  period  of  time  relax  his 
control.  The  reasons  are  encompassed  in  a  "state-of-the-art"  process 
where  incomplete  knowledge  of  all  the  variables  or  insufficient  control  of 
all  the  variables  (including  the  human  variable)  causes  inadvertent 
changes.  As  a  "state-of-the-art"  device  approaches  excellence  in 
performance,  the  recipe  for  producing  the  device  becomes  critical. 

UPGRADING  RELIABILITY  THROUGH  THE  LOT  ACCEPTANCE 
SPECIFICATIONS 

The  lot  acceptance  specifications  provide  a  direct  and  indirect 
means  of  upgrading  component  reliability.  In  addition  to  rejecting  unac¬ 
ceptable  lots,  it  is  readily  seen  that  the  lot  acceptance  specifications 
present  a  formal  means  of  continuously  monitoring  a  manufacturer. 
Other  than  occasionally  rejecting  a  lot,  the  procedure  provides  extensive 
vendor  history  with  time.  If  the  manufacturer  shows  a  consistent 
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degrading  of  performance,  he  is  then  eliminated  as  a  qualified  source 
until  he  shows  proven  recovery.  This  is  an  effective  means  of  maintaining 
a  list  of  reliable  vendors. 

On  the  positive  side,  the  screen  and  burn-in  evaluation  process 
sets  a  procedure  for  rapid  dynamic  feedback  of  information  both  to  the 
components  manufacturer  and  to  the  customer  analysis,  testing,  and 
reliability  groups.  This  information,  in  turn,  has  the  potential  of 
eliminating  failure  mechanisms.  After  failure  analysis,  the  customer 
may  find  some  failure  modes  are  eliminable  by  allowing  controlled 
process  changes,  by  modifying  specifications,  or  by  refusing  to  qualify 
certain  designs  (i.e.,  package,  device  design,  or  metalization  patterns) 
which  have  been  found  to  contribute  to  failures.  The  manufacturer 
receives  from  the  customer  extensive  data  and  failure  information  which 
increases  the  incentive  to  study  the  problems,  find  the  failure  causes  and, 
consequently,  eliminate  or  control  them.  Both  manufacturer  and  customer 
are  roused  to  study  screen  procedures  because  of  the  failure  modes 
which  defyr  present  screening  or  are  difficult  to  detect. 

The  lot  acceptance  specifications  themselves  are  open  to  constant 
study  and  revision.  The  appended  specifications  represent  a  first  ap¬ 
proach  toward  accomplishing  an  assurance  of  needed  reliability  goals 
and  have  already  shown  their  effectivity.  However,  as  more  data  is 
accumulated,  as  semiconductor  processing  and  screening  procedures 
reach  new  levels,  and  as  failure  mechanisms  become  better  known, 
modifications  must  be  employed.  Since  the  procedure  must  be  realistic 
with  respect  to  needed  failure  rates,  this  does  not  necessarily  mean  that 
all  acceptable  limits  will  be  tightened.  On  the  contrary,  the  limits  may 
be  loosened  and  failure  modes  reclassified  as  more  assurance  of  process 
control  and  screenability  is  developed.  Tightening  of  the  limits  becomes 
necessary  if  failures  occur  during  field  use,  indicating  that  the  rejection 
criteria  are  insufficient. 

The  entire  approach  requires  an  intimate  cooperation  between  the 
customer  and  vendor  with  resultant  understanding  of  the  problems  of 
both.  The  mutual  cooperation  Is  necessary  to  achieve  success  of  the 
mission. 

COST 


The  approach  presented  by  ND  1002248  has  the  potential  of 
quantitatively  defining  reliability  cost.  By  establishing  limits  for  the 
number  of  failures  per  failure  mode  for  lot  acceptance,  it  has  been  shown 
that  failure  rates  of  0.0018%  per  thousand  hours  are  achievable.  The 
approach  also  makes  possible  future  correlation  to  field  failure  rates  by 
the  formalized  procedure  of  the  lot  acceptance  specification. 

The  cost  of  applying  ND  1002248  may  occur  in  one  of  two  ways. 
The  customer,  buying  from  reliable  component  manufacturers,  may 
absorb  the  cost  by  buying  an  excess  of  units  and  not  using  the  rejected 
lots  or  sublots  of  parts  in  high  reliability  equipment.  The  component 
manufacturers  may  absorb  the  cost  by  guaranteeing  the  device  will  meet 
the  specification  and  thus  accept  the  return  of  rejected  lots.  For  high 
volume  usage  devices,  -where  adequate  competition  is  possible,  the  latter 
approach  appears  to  be  the  least  expensive  and  most  desirable.  The 
component  manufacturer  is  ineentively  induced  to  increase  his  yield  to 
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the  acceptance  specification  while  adequate  competition  and  low  unit  price 
prevents  a  component  manufacturei  from  attempting  to  screen  out 
failures.  Attempts  by  manufacturers  to  "test  in"  reliability  does  not 
remove  nonscreenable  and  insidious  long-time  dependent  failures  which 
is  one  of  the  primary  reasons  for  lot  rejection  by  failure  mode.  The 
actual  added  cost  of  applying  ND  1002248  lot  rejection  to  the  manufacturer 
has  been  shown  to  be  equivalent  to  the  cost  of  standard  Group  B  sample 
testing. 


In  any  event,  the  cost  of  assuring  the  success  of  space  missions  is 
finite  and  justified.  However,  for  any  program,  the  cost  required  to 
increase  component  reliability  must  be  weighed  against  the  cost  of  retrofit 
due  to  field  failures.  In  short,  the  most  effective  positive  method  of 
building  an  economically  reliable  system  is  to  build  the  system  with 
reliable  parts. 
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APPENDIX  A 

Apollo  G  &  N  Specification 
ND  1002248 


PROCESS  SPECIFICATION 
SPECIAL  CONDITIONING  OF  NOR  GATES 
(Flat  Packs) 


1.  SCOPE 

1.1  PURPOSE 

This  specification  establishes  the  minimum  requirements  for  the 
acceptance  of  integrated  circuit  nor  gates  for  use  in  flyable  deliverable 
end  items.  The  procedures  described  herein  shall  be  performed  by  the 
G&N  Industrial  Contractor  as  part  of  incoming  inspection,  screen,  and 
burn-in. 

2.  APPLICABLE  DOCUMENTS 

2.1  EFFECTIVE  ISSUES 

The  following  documents  of  the  issue  in  effect  on  the  date  of  this 
document  form  a  part  of  this  specification  to  the  extent  specified  herein. 


SPECIFICATIONS 

Military 

MIL-STD-750 

Apollo  G&N 

ND  1002246 
ND  1002257 

DRAWINGS 
Apollo  G&N 
1006321 

REPORTS 
MIT/IL  E-1679 


Test  methods  for  semiconductor  devices 


Leak  test  procedures  for  nor  gates. 
Internal  visual  rejection  criteria  for 
integrated  circuits. 


Specification  control  drawing  for  dual 
nor  gate  (flat  packs). 


Progress  Report  on  Attainable  Reliability 
of  Integrated  Circuits  for  System  Applic¬ 
ation. 
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3.  REQUIREMENTS 

3.1  GENERAL  > 

The  provisions  of  this  specification  shall  be  applicable  to  all 
phases  of  acceptance  of  integrated  nor  gates  to  the  extent  specified  herein. 
Specific  requirements  or  provisions  not  covered  by  this  specification 
shall  be  as  specified  on  the  applicable  drawing  or  purchase  order.  In  the 
event  of  conflict  between  the  requirements  of  the  applicable  drawings, 
this  specification  and  other  documents  cited  herein,  the  requirements  of 
the  applicable  drawings  and  this  specification  shall  govern  in  that  order. 

3.2  PROCESS  CONTROL 

The  process  covered  by  this  specification  shall  be  controlled  in 
accordance  with  the  process  control  provisions  of  4.2. 

3.2.1  Lot  Control 

Each  lot  (6.2.1)  of  up  to  5000  units  as  supplied  by  the  vendor  in 
compliance  with  1006321  shall  be  identified  and  maintained  by  the 
contractor  throughout  the  test  sequence,  3.3.1, 

3.2.2  Serialization 

All  units  of  a  lot  shall  be  serialized  by  the  G  &  N  contractor.  A 
unit  shall  be  identified  by  the  lot  number  and  the  unit  serial  number. 

3.3  TEST  PROCEDURES 

3.3.1  Test  Sequence 

Each  lot  of  nor  gates  shall  be  subjected  to  tests  in  the  following 
sequence: 

a.  External  visual  inspection  (Test  #1). 

b.  Physical  dimension,  lead  tension,  and  fatigue  inspection 

(Test  #2). 

c.  Electrical  test  (test  #3). 

d.  Thermal  cycle  test  (test  #4). 

e.  Helium  leak  test  (test  #5). 

f.  Nitrogen  bomb,  oil  bubble  tests  (test  #6). 

g.  High  temperature  bake  test  (test  #7). 

h.  Centrifuge  Y1  test  (test  #8). 

i.  Continuity  open  and  short  test  (test  #9). 
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j.  Centrifuge  Yg  test  (test  #10). 

k.  Electrical  test  (test  #11). 

m.  Propagation  delay, (test  #12). 

n.  Emitter  base  back  bias  (test  #13). 

o.  D.C.  current  gain  measurement  (test  #14). 

p.  Operation  life  test  (test  #15). 

q.  Electrical  test  (test  #16). 

r.  Vibration  test  (test  #17). 

s.  Shock  test  (test  #18). 

t.  Continuity  test  (test  #19). 

u.  Internal  visual  inspection  (test  #20). 

A  flow  diagram  of  the  above  sequence  is  attached. 

3. 3. 1. 1  Removal  of  Failures 

Catastrophic  failures  only  shall  be  removed  from  the  test  sequence 
at  the  point  of  detection  and  subjected  to  failure  analysis.  The  point  in 
the  test  sequence  3.3.1  where  the  failure  was  detected  must  be  recorded 
and  a  set  of  electrical  readings  as  specified  in  Paragraph  3. 3.  2.  3  shall 
be  performed.  '  All  electrical  failures  at  the  end  of  the  test  sequence 

3.3.1  shall  be  subjected  to  failure  analysis  except  the  incoming  marginal 
failures  as  defined  in  6.2.3  (a),  may  be  returned  to  the  vendor. 

3.3.2  Tests 

3. 3. 2.1  External  Visual  Inspection 

Each  lot  of  nor  gates  shall  be  subjected  to  an  external  visual 
inspection  in  accordance  with  MIL-STD-750,  method  2071,  and 
Specification  Control  Drawing  1006321  with  additional  requirements  to 
be  negotiated  with  the  vendor,  and  to  be  included  in  the  purchase  order. 

3. 3. 2. 2  Physical  Dimension,  Lead  Tension,  &  Fatigue 

A  sample  of  10  nor  gates  shall  be  subjected  to  the  physical 
dimension  examination  of  MIL-STD-750,  method  2066,  and  Specification 
Control  Drawing  1006321.  Five  of  the  10  units  shall  be  subjected  to  the 
lead  tension  and  lead  fatigue  tests.  Test  #2,  as  specified  below.  The  five 
units  subj  ected  to  the  load  tension  and  lead  fatigue  tests  are  to  be  forwarded 
to  test  20  of  the  test  sequence  3.3.1.  The  remaining  5  units  shall  be 
forwarded  to  test  3  of  the  test  sequence  3.3.1. 
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(a)  Lead  Fatigue,  Leads  shall  be  capable  of  withstanding  the 
following  test:  The  pnit  shall  be  held  in  a  vertical  position 
with  a  2  ounce  weight  suspended  from  the  lead  to  ce  tested. 
Two  cycles  of  bending  shall  be  performed  A  cycle  consisting 
of  moving  the  body  of  the  unit,  45  degrees  from  the  vertical 
in  one  direction,  and  back  45  degrees  to  the  original  position. 
No  mechanical  damage  shall  be  evidenced  after  the  test. 

(b)  Lead  Tension.  Each  lead  shall  be  capable  of  withstanding  an 
axlalpullofl  pound  for  a  period  of  30  seconds.  Nomechanical 
damage  shall  be  evidenced  after  the  test. 

3. 3. 2.3  Electrical  Test  (Test  #3  of  3.3.1) 


The  entire  lot  shall  be  subjected  to  electrical  test  as  described  in 
Specification  Control  Drawing  1006321  with  the  limits  as  specified.  The 
test  to  be  performed  on  all  base  currents,  Ifi,  all  output  voltages.  V„, 
both  output  currents,  L,,  both  collector  emitteT  threshold  currents,  IpEX 
and  both  collector  emMer  sustaining  voltages,  sust.  D.C.  current 

gain  hpE  shall  be  measured  on  only  one  transistOT  of  each  gate  and  RL 
shall  Be  measured  on  one  gate  only. 

3.3. 2.4  Electrical  Test  (Test  #11  and  #16  of  3.3.1) 


The  electrical  test  shall  be  the  same  as  performed  for  3. 3. 2. 3 
except  that  the  maximum  limits  as  defined  in  Specification  Control 
Drawing  1006321  shall  be  raised  4%  the  minimum  limit  decreased  4% 
and  the  vCEO  8uet<  te8t  wiU  not  be  performed. 

3.3. 2.5  Thermal  Cycle  Test 

The  units  shall  be  subjected  to  thermal  cycle  consisting  of  3 
cycles  of  the  following:  The  units  shall  be  stabilized  for  30  minutes 
minimum  at  +150°C  ±  5°C  inan  oven.  They  shall  then  be  transferred  to 
an  oven  operating  at  -65  ±  5°C  in  less  than  10  seconds.  The  units  shall 
stabilize  for  not  less  than  30  minutes  and  then  be  returned  to  the  ±150 
±  5°C  oven  in  less  than  10  seconds  transfer  time. 

3.3. 2.6  Helium  Leak  Test 


The  helium  leak  test  shall  be  performed  in  accordance  with  ND 
1002246  using  a  rate  of  5  x  10"°  cc/atm/sec,  as  the  upper  limit. 

3.3. 2. 7  Nitrogen  Bomb,  Oil  Bubble  Tests 

The  nitrogen  bomb,  oil  bubble  tests  Bhall  be  performed  in  ac¬ 
cordance  with  ND  1002246.  The  nitrogen  bomb  test  shall  be  performed 
first. 


3. 3. 2. 8  High  Temperature  Bake  Test 

The  high  temperature  bake  test  shall  be  performed  in  accordance 
with  MIL-STD-750,  method  1031,  except  the  temperature  shall  be  150 
±  5°C  and  the  time  shall  be  168  ±  8  hours. 
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3.3. 2. 9  Centrifuge  Test 

The  centrifuge  Y.  test  shall  be  performed  with  an  acceleration  of 
20,000g  in  accordance  with  MIL-STD-750,  method  2006.  Plane  Y,  is 
defined  as  a  force  attempting  to  push  the  internal  lead  wires  toward  the 
bottom  of  the  device. 

3.3.2.10  Continuity  Open  and  Short  Test 

The  continuity  test  shall  be  performed  to  detect  open  bonds  and 
shorts  between  leads,  leads  and  case,  and  leads  and  chip.  At  test  #  9 
check  100%  at  test  #19  check  77  units  from  test  #18. 

3.3.2.11  Centrifuge  Y2  Test 

The  centrifuge  Y,  axis  test  shall  be  performed  with  an  acceleration 
of  20,000g  in  accordance  with  MIL-STD-750,  method  2006.  Plane  Y,  is 
a  force  opposite  to  Y.  as  defined  in  paragraph  3.3.2. 9. 

3.3.2.12  Propagation  Delay  (Test  #12) 

Propagation  delay  shall  be  performed  accqpding  to  Specification 
Control  Drawing  1006321  on  a  sample  of  200  units  from  each  lot. 

3.3.2.13  Emitter  Base  Back  Bias  Test 

The  emitter  base  back  bias  test  shall  be  performed  on  200  units* 
as  follows.  Each  base  input  shall  be  connected  to  minus  6  volts  with 
respect  to  common  emitter  via  a  10K  series  resistor  in  each  base.  The 
units  shall  be  operated  with  voltage  applied  at  a  temperature  of  25°C 
±  5°C  for  a  period  of  72  hours. 

3.3.2.14  Beta  Measurement 

The  D.C.  current  gain  measurement  shall  be  performed  in  ac¬ 
cordance  with  Specification  Control  Drawing  1006321  on  the  same 
transistors  as  measured  at  3.3.2.  4. 

3.3.2.15  Operation  Life  Test 

An  odd  number  of  units  (Gates)  shall  be  connected  in  series  with 
the  output  of  the  last  unit  supplying  the  input  to  the  first  unit,  thus  forming 
a  "Ring"  oscillator  with  8  vdc  ±  5%  applied  continuously  to  the  power 
terminals  of  all  units  in  the  circuit,  ("Ring")  oscillation  must  occur  at  the 
initiation  of  the  test.  This  test  will  be  performed  on  all  units  fora  period 
of  168  hours  ±  8  hours.  The  ambient  temperature  shall  be  maintained  at 
25  ±  10°C. 


*  When  samples  are  selected  for  tests  #12,  #13,  &  #17,  the  sample  shall 
be  representative  of  all  diffusion  sub-lots  Included  in  the  shipment  lot. 
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3.3.2.16  Vibration  Test 

The  vibration  test  shall  be  performed  on  random  sample  of  77 
units.  The  vibration,  test  shall  be  performed  in  accordance  with  MIL- 
STD-750,  Method  2056,  30g's  from  5  to  2000  cps.  limited  to  0.12  inch 
double  amplitude,  3  cycles,  15  minutes  per  cycle  minimum. 

3.3.2.17  Shock  Test 

The  shock  test  shall  be  performed  on  the  same  units  tested  in 
3.3.2.16.  The  shock  test  shall  be  performed  in  accordance  with  MIL-STD- 
750,  Method  2016,  1500  g's,  0.5  msec,  5  blows  in  all  axis  directions,  30 
blows  total. 

3.3.2.18  Internal  Visual# Inspection 

The  internal  visual  inspection  shall  be  performed  on  the  82  units 
from  test  3.3.2.17  and  3. 3.2. 3  and  in  accordance  with  ND  1002257. 

4.  QUALITY  ASSURANCE  PROVISIONS 

4.1  GENERAL 

In  order  to  assure  proper  control  of  the  acceptance  process 
covered  by  this  specification,  the  contractor  shall  meet  all  the 
requirements  specified  herein  and  shall  provide  continuous  audit  of  the 
acceptance  process  to  assure  compliance  with  the  requirements  of  this 
specification. 

4.1.3  Inspection 

The  contractor,  through  his  quality  assurance  or  control  agency 
shall  be  responsible  for  the  performance  of  all  inspection  requirements 
and  tests  specified  herein. 

4.2  FAILURE  CRITERIA 

4.2.1  Failure  Analysis 

All  nor  gates  failing  in  the  electrical  tests  specified  in  3.3.2  (test 
#3,  9,  11,  14  and  16)  except  the  non- catastrophic  failures  as  defined  in 

6.2.3  (a,b,c,  and  e),  shall  be  subjected  to  a  failure  analysis  sufficient  to 
identify  cause  and  mode  of  failure.  For  failure  definitions  refer  to 
Section  6.2. 

4.2.2  Failure  Modes 

After  failure  analysis  all  failures  detected  at  test  3,  9,  11  and  16 
of  test  sequence  3.3.1,  except  induced  failures  and  non-catastrophic 
failures  as  defined  in  6.2.3  (a,  b,  c,  and  e),  shall  be  classified  as  to  the 
following  failure  modes  which  are  described  in  MIT/IL  report  E-1679. 


*  When  samples  are  selected  for  tests  #12,  #13,  &  #17,  the  sample  shall 
be  representative  of  all  diffusion  sub-lots  included  in  the  shipment  lot. 
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a.  Class  A  failure  modes  (class  A  failure  modeB  are  generally 

of  a  type  readily  weeded  out  during  screen  and  burn-in). 

1.  Open  bonds  due  to  poor  metalization  adhesion  to  the 
silicon  dioxide. 

2.  Open  bonds  due  to  underbonding. 

3.  Open  bonds  due  to  gold-aluminum  eutectic  formation. 

4.  Open  bonds  due  to  overbonding. 

5.  Opens  due  to  nicks  and  cuts  In  the  bonding  wire. 

6.  Leads  shorting  to  the  edge  of  the  chip  or  leads  shorting 
to  the  package  lid. 

7.  Open  interconnects  detected  only  during  test  3. 3. 2. 3 
due  to  only  scratches  with  no  evidence  of  metalization 
corrosion  at  the  open. 

8.  Shorts  due  to  metalization  scratching  and  smearing. 

9.  Shorts  Induced  by  the  collector  to  emitter  sustaining 
voltage  test  of  paragraph  3. 3. 2. 3. 

10.  Failures  due  to  cracked  chip. 

11.  Opens  due  to  the  thinning  of  lead  wire  due  to  poor 
bonding  procedure. 

12.  Non-catastrophlc  failures  due  to  surface  instabilities 
that  are  not  included  in  6.2.3  (a,  b,  c  and  e). 

b.  Class  B  failure  modes  (Class  B  failure  modes  are  of  a  type 

less  readily  detected  during  screen  and  burn-in  as  compared 

with  Class  A). 

1.  Shorts  resulting  from  leads  touching  any  other  leads 
and  shorts  resulting  from  leads  touching  metal 
interconnects. 

2.  Opens  in  the  interconnect  due  to  the  gold-aluminum 
eutectic  formation  at  the  neck  of  an  interconnect. 

3.  Shorts  through  the  silicon  dioxide  due  to  poor  oxide 
dielectric  strength. 

4.  Shorts  through  the  oxide  because  the  bonds  are  too 
close  to  the  chip  edge. 

5.  Shorts,  intermittent  or  otherwise,  due  to  particles  in 
the  package. 
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6.  Shorts,  intermittent  or  otherwise,  due  to  free  lead 
material  and  fixed  extra  leads  or  lead  material. 

7.  Catastrophic  failures  due  to  surface  instabilities. 

'  8.  Opens  in  interconnect  at  oxide  steps  detected  during 

test  3. 3. 2. 3. 

c.  Class  C  failure  modes  (Class  C  failure  modes  are  of  a  type 
which  are  time  dependent  and/or  are  not  easily  detected 
during  screen  and  burn-in). 

1.  Opens  in  the  interconnect  due  to  corrosion. 

2.  Opens  in  the  interconnect  detected  after  test  3. 3. 2. 3  at 
oxide  steps. 

3.  Opens  in  the  interconnect  detected  after  test  3. 3. 2. 3  at 
scratches. 

4.  Any  failures  due  to  electrically  insulating  or 
electrically  high  resistance  layers  forming  at  the 
silicon  oxide  window  between  the  metal  contact  and  the 
silicon  or  between  the  layers  of  metal. 

5.  Die  separated  from  package  header. 

4.2.3  Failure  Mode  Grouping 

4. 2. 3. 1  Classification 

Following  the  classification  of  failure  modeB  from  a  lot  the 
electrical  failures  will  be  divided  into  Group  I  -  IV  below  and  the 
percentage  failure  for  the  lot  in  each  group  shall  be  determined.  Group 
0  contains  special  cases  of  non- catastrophic  failures. 

a.  Group  0.  Test  3 

Non- catastrophic  failures  as  defined  in  6.2,3  (a)  and 
propagation  delay  failure  of  Test  #12. 

b.  Group  0.  Test  9,  11,  16 

Non-catastrophic  failures  as  defined  in  6.2.3  (b,  and  c). 

c.  Group  I.  Class  A  failure  modes. 

d.  Group  II.  Class  B  failure  modes. 

e.  Group  III  Class  C  failure  modes. 

f.  Group  IV  Any  failure,  except  induced  failures,  not  listed  in 
Section  4.3.2  or  any  failure  for  an  unknown  cause. 
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TABLE  I 


Test  Number 

(See  Para.  3. 3. 1) 

^Maximum  Percent  of  Failures 

Group  0 

Group  I 

Group  II 

Group  III 

Group  IV 

3 

0.  5% 

0.3% 

0.  08% 

0.  04% 

0% 

9,  11,  and  16 

1.0% 

0.  3% 

0.04% 

0.  02% 

0% 

*  For  shipment  lots  of  from  4000  to  5000  units,  use  the  same  number 
of  allowable  failures  as  applied  to  lots  of  5000.  For  smaller  lots,  use 
percentages  as  shown  in  Table  I.  If  the  number  of  unit  failures  allowable 
is  calculated  to  be  a  mixed  number,  a  combination  of  an  integer  and  a 
fraction,  use  the  integer  only. 


TABLE  II 


Test  Number 
(See  Paragraph  3.3.1) 

Maximum  Percent  of  Failures  or 
Maximum  Allowable  rejects 

2 

1  defective  unit.  Physical  Dimensions 

2 

1  defective  unit,  Lead  fatigue  and 
tension 

14 

10  units 

5 

2.0% 

6 

2.  0% 

19 

1  unit 

20 

8  units 

4,3  REJECTION  CRITERIA 

4.3.1  Lot  Rejection 

The  failures  of  a  shipment  lot  shall  be  classified  as  specified  in 

4.2.2  such  that  the  failures  can  be  identified  with  the  groupings  specified 
in  4.2.3.  The  maximum  allowable  percentages  of  failures  from  test 
number  3,  9,  11,  and  16  of  paragraph  3.3.1  according  to  the  failure  mode 
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groupings  of  4.2.3  are  given  in  Table  I.  The  maximum  allowable 
percentages  of  failures  from  test  numbers  2,  5,  6,  14,  19,  and  20  of 
paragraph  3.3.1  are  given  in  Table  IT  where  the  failure  definitions  are 
given  in  6.2.  Failure  to  meet  any  one  of  the  maximum  allowable 
percentages  of  Tables  1  and  II  or  failure  to  comply  with  the  test  sequence 
of  3.3.1,  the  test  procedure  3.3.2,  the  flight  qualification  requirements  of 
4.4,  or  the  data  requirements  of  4.5  shall  be  cause  for  lot  rejection. 

4.3.11  Conformance  to  ND  1015404 

Disclosure  of  any  violation  of  previously  agreed  to  contractor- 
supplier  ND  1015404,  "Critical  Process"  list  without  prior  notification 
automatically  fails  the  entire  lot.  Notice  of  such  deviation  must  be  made 
by  the  contractor  to  MIT/IL  within  24  hours  of  disclosure. 

4.3.2  Sub-lot  removal 

If  the  reason  for  shipment  lot  rejection  can  be  as  signed  to  failure 
modes  which  are  traceable  to  a  diffusion  sublot(s),  the  entire  diffusion 
sub-lot(s)  shall  be  removed  from  the  shipment  lot  and  the  provisions  of 
paragraph  4.3.1  shall  be  reapplied  to  the  remainder  of  the  shipment  lot. 
For  example,  failure  modes  which  are  traceable  to  diffusion  sub-lot(s)  are 
described  in  paragraph  4.2.2  sub-paragraphs,  a  1,  b  3,  b  8,  c  2,  and  c  4. 

4.4  FLIGHT  QUALIFICATION 

4.4.1  Flight  Qualified  Hardware 

A  nor  gate  is  Light  qualified  when  the  lot,  of  which  the  nor  gate  is 
part,  is  not  rejected  according  to  4.3  and  the  nor  gate  does  not  fail  any 
test  of  the  sequence  of  paragraph  3.3.1. 

4.4. 1.1  Failure  Traceability 

Any  nor  gate  failure  detected  in  qualified  flight  hardware  must  be 
traceable  to  a  lot  as  identified  in  paragraph  3.2.1  and  to  the  unit  serial 
number. 

4.4.2  Qualification  Report 

Two  copies  of  a  report  justifying  the  acceptance  or  rejection  of  a 
lot  as  flight  qualified  shall  be  forwarded  to  MIT/IL,  prior  to  use  in 
deliverable  end  items.  The  report  shall  include  the  following: 

a.  A  summary  of  screen  and  burn-in  data. 

b.  A  detailed  list  of  the  screen  and  burn-in  results  which  includes 
the  number  of  failures  at  each  test  station  of  test  sequence 
3.3.1. 

c.  A  failure  report  of  all  electrical  failures,  by  unit  serial 
number  including  induced  failures,  as  specified  in  4. 3.1  which 
includes: 
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1.  Photographs  of  each  category  of  each  photograph  able 
>  failure.  A  minimum  of  two  photographs  of  each  cat¬ 
egory  is  required  where  more  than  one  exists. 

2.  Analysis  of  each  failure. 

3.  Classification  of  each  failure  according  to  4.3.2. 

4.  All  electrical  test  data  of  each  failure. 

d.  Number  of  failures  in  the  failure  mode  groups  according  to 
4.2.3. 

e.  Date  of  purchase. 

f.  Total  number  of  ordered  parts. 

g.  Date  code  of  parts  received. 

h.  Lot  identification  number. 

i.  Allocation  of  all  parts  from  the  lot  updated  to  the  date  of 
issue  of  qualification  report  indicating  the  number  of  units 
which  passed  screen  and  burn-in,  the  number  of  failed  units, 
the  number  of  induced  failures  and  the  number  of  units 
removed  from  the  lot  for  any  other  reason. 

j.  Vendor  supplied  Table  I  and  Table  II,  sub  group  1  and  3  test 
data. 

k.  A  report  by  lot  of  all  internal  visual  inspection  failures  (test 
#20  in  test  sequence  3.-3. 1)  by  unit  serial  number  which 
includes 

1.  Photograph  of  each  failure  category  detected. 

2.  Classification  of  each  failure  according  to  ND  1002257. 

l.  A  list  of  all  process  changes  allowed  by  the  contractor  in 
accordance  with  1015404,  paragraph  3.3.2. 2. 

4.5  DATA 

4.  5. 1  Data  Storage 

Incoming  inspection,  screen,  and  burn-in  data  shall  be  maintained 
and  stored  by  lot  number  and  unit  serial  number  for  three  years. 

4.5.2  Cataloging 

Nor  gates  failing  the  tests  specified  herein  with  the  exception  of 
the  external  visual  Inspection  and  leak  tests  shall  be  cataloged  and  stored 
by  lot  number  and  serial  number  for  three  years.  The  devices  must  be 
readily  accessible  for  future  reference. 
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4.5.3  Lot  Storage 

Units  submitted  to  the  contractor  as  part  of  the  Quality 
Demonstration  Test  shall  be  stored  by  contractor's  lot  number  for  three 
years.  The  devices  must  be  readily  accessible  for  future  reference. 

5.  PREPARATION  FOR  DELIVERY 

This  section  is  ri  ot  applicable  to  this  specification. -  — 

6.  NOTES 

6.1  INTENDED  USE 

This  process  conditions  nor  gates  used  in  Apollo  Guidance  and 
Navigation  Equipment. 

6.2  DEFINITIONS 

6.2.1  Lot 

A  shipment  lot  is  defined  as  a  group  of  nor  gates  submitted  by  a 
•vendor  in  compliance  with  1006321. 

6.2.2  Catastrophic  Failures 

A  catastrophic  failure  is  defined  as  any  device  which  fails  the 
electrical  tests  of  Table  II  of  Specification  Control  Drawing  1006321  by 
-twice  the  maximum  or  one  half  the  minimum  limits  of  that  table.  * 

6.2.3  Non-Catastrophic  Failures 

A  non- catastrophic  failure  is  any  device  which  cannot  be  classed 
as  a  catastrophic  failure  by  definition  6.2.2  but  which  fails  according  to 
the  definitions  described  below: 

a.  A  non-catastrophic  failure  at  test  3.3.2. 3  exceeds  the  limits 
of  Table  n  of  Specification  Control  Drawing  1006321  and 
does  not  become  a  catastrophic  failure  during  test  sequence 
3.3.1. 

b.  A  non-catastrophic  failure  at  test  3. 3. 2. 4  exceeds  the  limits 
described  in  3.S.2.4  but  changes  parameters  from  3.S.2.3  to 
~3.3.2.4  by  less  than  ±  15%  for  base  current  and  output  voltage, 
±  10%  for  output  current  or  ±  20%  for  collector  emitter 
threshold  current.  For  collector  emitter  threshold  currant 
of  less  than  100  namps,  an  initial  reading  of  100  namps  is 
assumed. 

c.  A  ncn-catastrophic  failure  at  test  3. 3.2,4  does  not  exceed  the 
limits  described  in  3. 3. 2. 4  but  changes  parameters  from 
3.  3,  2. 3  to  3. 3. 2. 4  by  more  than  ±15%  for  base  current  and 


121 


Apollo  G  &  N  Specification 
ND  1002248 


output  voltage,  ±  10%  for  output  current,  or  ±20%  for  col¬ 
lector  emitter  threshold  eurrent.  For  collector  emitter 
threshold  currents  of  less  than  100  namps,  an  initial  reading 
of  100  namps  is  assumed. 

d.  A  non- catastrophic  failure  at  test  3.3.2. 4  exceeds  the  limits 
described  in  3. 3. 2. 4  and  changes  parameters  from  3.3.2. 3 
by  more  than  ±  15%  for  base  current  and  output  voltage,  ±  10% 
for  output  current,  or  ±  20%  for  collector-emitter  threshold 
current.  For  collector-emitter  threshold  currents  of  less 
than  100  namps,  an  initial  reading  of  100  namps  is  assumed. 

e.  A  non-catastrophic  failure  attest  3.3.2.14  exceeds  a  change 
in  D.  C.  current  gain  by  ±  15%  in  test  sequence  3.3.1  test 
number  11  and  test  number  14. 


6.2.4  Induced  Failures 

An  induced  failure  is  a  catastrophic  failure  which  through  failure 
analysis  can  be  proven  to  be  caused  by  exceeding  the  stress  limits  of 
Specification  Control  Drawing  1006321. 

6.2.5  Leak  Test  Failures 

A  failure  at  test  5  of  paragraphh  3.3.1  is  failure  to  meet  the  leak 
rate  therein.  A  failure  at  test  6  of  paragraph  3.3.1  is  the  failure  to  meet 
the  criteria  as  specified  in  ND  1002246. 

6.2.6  External  Visual  Inspection  Failures 

A  failure  at  teBt  1  of  paragraph  3.3.1  is  failure  to  meet  the  visual 
and  mechanical  examination  criteria  of  Specification  Control  Drawing 
1006321  and  additional  requirements  negotiated  with  the  applicable 
vendor. 

6.2.7  Physical  Dimension  Failures 

A  physical  dimension  failure  of  test  2  of  paragraph  3.3.1  is  a 
package  which  does  not  meet  the  physical  dimension  criteria  of 
Specification  Control  Drawing  1006321. 

6.2.8  Lead  Tension,  Lead  Fatigue  Failures 

The  lead  tension,  lead  fatigue  failures  of  test  2  of  paragraph 
3.3.1  is  a  partial  or  complete  severing  of  a  lead  from  the  package. 

6.2.9  Propagation  Delay  Failures 

A  failure  at  test  12  of  paragraph  3.3.1  is  a  failure  to  meet  the 
criteria  of  Specification  Control  Drawing  1006321. 
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6,2.10  Failures 

Failure  of  a  unit  in  one  or  more  tests  will  be  charged  as  a  single 
failure.  A  unit  which  could  be  classed  by  several  failure  modes  shall  be 
classed  in  the  highest  alphabetical  mode  as  listed  in  4.2.2.  A  unit  which 
meets  the  definition  of  6.2,3  (a,b  and  c)  shall  be  counted  inGroup  0  only. 


6.2.11  Internal  Visual  Inspection  Failures 

A  failure  at  test  #  20  of  paragraph  3.3.1  is  a  failure  to -meet  the 
criteria  of  ND  1002257. 

6.2.12  Continuity  Failure 

A  failure  of  the  continuity  test  in  the  detection  of  an  open  or  a  short. 
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FAILURES  REMOVED 
PROMTEST  AND  (HE 


VISUAL  EXTERNAL  INSPECTION 
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PLOW  DIAGRAM  FOR  THE  TEST  SEQUENCE  3. 3. 1 
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INTERNAL  VISUAL  REJECTION  CRITERIA 
FOR 

INTEGRATED  CIRCUITS 


1.  SCOPE 

1.1  This  specification  defines  the  internal  visual  rejection  criteria 
covering  surface  imperfections,  cleaniness,  workmanship,  and  design  as 
it  applies  to  silicon  planar  integrated  circuits  for  use  in  the  Apollo 
Guidance  Computer. 

2.  REQUIREMENTS 

2.1  INSPECTION 

Inspections  shall  be  performed  with  at  least  the  minimum 
microscope  powers  as  specified  herein.  When  the  minimum  microscopic 
powers  are  not  sufficient  to  determine  if  the  herein  specified  faults  are 
present,  higher  magnifications  shall  be  used.  When  powers  of  80  or 
more  are  employed,  a  coiumnated  light  source  applied  through  the 
objective  lens  shall  be  used. 

3.  REJECT  CRITERIA 

3.1  SCRATCHES 

A  scratch  is  defined  as  any  tear  in  the  metalization  caused  by 
instruments  such  as  tweezers,  probes,  vacuum  pickups,  scribing  tools, 
etc.  Inspection  for  scratches  shall  be  performed  at  a  magnification  of 
150  power  minimum.  The  following  constitutes  rejects  for  scratches: 

a.  Any  device  which  exhibits  a  scratch  which  reduces  the  width 
of  the  undisturbed  metalization  to  less  than  0.4  mils  and 
which  exposes  silicon  dioxide  anywhere  along  the  scratch  is 
a  reject.  (Refer  to  Fig.  1). 

b.  Any  device,  which  exhibits  a  scratch  over  or  along  an  oxide 
step  (when  the  oxide  step  intersects  all  but  0.4  mil  or  less  of 
the  interconnect)  and  which  reduces  the  width  of  the 
undisturbed  metalized  conductin  g  path  to  any  contact  to  less 
than  0.6  mil,  is  a  reject.  (Refer  to  Fig.  2). 

NOTE  -  It  is  assumed  that  scratches  over  oxide  steps  are 
electrically  open  at  the  step. 

3.2  METALIZATION  CORROSION 

Inspection  for  metalization  corrosion  shall  be  performed  at  a 
magnification  of  150  power  minimum.  Any  device  which  exhibits  any 
junction  area  covered  only  by  untherms. liy  oxidized  silicon  is  a  reject. 
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3.4  VOIDS 

A  void  is  defined  as  any  region  in  the  metalization  where  silicon 
dioxide  is  visible  within  the  designed  areas  of  the  metalization  and  the 
silicon  dioxide  exposure  is  not  caused  by  a  scratch.  Inspection  for  voids 
shall  be  performed  at  a  magnification  of  80  power  minimum.  The  following 
constitutes  rejects  for  voids: 

a.  Any  device  which  exhibits  voids  at  an  interconnect  which 
reduces  the  width  of  the  undisturbed  metalization  to  less  than 
0.6  mils  is  a  reject  (refer  to  Fig.  3). 

b.  Any  device  which  exhibits  voids  at  a  pad  or  fillet  which  leaves 
the  pad  or  fillet  less  than  50%  of  its  designed  area  is  a  reject 
(refer  to  Fig.  4). 

c.  Any  device,  which  exhibits  voids  over  an  oxide  step  (when  the 
oxide  step  intersects  all  but  0.6  mil  or  less  of  the  interconnect) 
and  which  reduces  the  width  of  the  undisturbed  metalized 
conducting  path  to  any  contact  to  less  than  0.75  mil,  is  a 
reject  (refer  to  Fig.  5). 

3.5  MISALIGNED  CONTACTS 

The  alignment  of  the  metalization  contact  to  the  silicon  shall  be 
inspected  at  a  magnification  of  80  power  minimum.  The  metalization 
shall  make  contact  to  the  silicon  over  at  least  one  half  the  area  of  the 
applicable  window  contact.  Any  device  which  does  not  meet  this 
requirement  is  a  reject. 

3.6  CRACKS  IN  THE  DIE 

Inspection  for  die  cracks  shall  be  performed  at  a  magnification  of 
80  power  minimum.  Any  die  which  exhibits  cracks  in  the  active  circuit, 
metalization,  or  bond  areas  is  a  reject.  Any  die  which  exhibits  cracks  1 
mil  in  length  or  greater  which  point  toward  the  active  circuit  metalization 
or  bonds  is  a  reject  (refer  to  Fig,  6). 

3.7  BOND  PLACEMENT 

The  placement  of  bonds  shall  be  inspected  at  a  magnification  of  80 
power  minimum.  For  ultrasonic  or  bird  beak  bonds,  the  word  "bond" 
refers  to  the  tool  impression.  Bond  placement  shall  be  viewed  directly 
from  above.  The  following  constitutes  rejects  for  bond  placement  (refer 
to  Fig.  7): 

a.  Any  bond  which  is  placed  such  that  silicon  dioxide  is  not 
visible  between  the  outer  periphery  of  the  bond  contact  area 
and  any  other  bonding  pad  or  a  silicon  oxide  edge  (unthermally 
oxidized  or  "raw"  silicon)  shall  cause  th6  device  to  be 
rejected. 
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b.  Any  ultrasonic  bond  which  has  less  than  75%  of  the  bond 
area  in  contact  with  the  metalized  pad  shall  cause  the  device 
to  be  rejected. 

c.  Any  bird  beak  or  ball  bond  which  has  the  wire  at  the  base  of 
the  bond  outside  the  boundaries  of  the  pad  or  any  bond  with 
less  than  50%  of  the  bond  area  in  contact  with  the  metalized 
pad  shall  cause  the  device  to  be  rejected. 

d.  Any  bond  which  is  '  ated  in  the  fillet  area  and  the  longest 
distance  between  the  bond  periphery  and  edge  of  fillet  is  less 
than  0.4  mils  shall  cause  the  device  to  be  rejected. 

e.  Any  bond  contact  area  made  on  the  interconnect  shall  cause 
the  device  to  be  rejected. 

3.8  DAMAGED  LEADS 

Leads  shall  be  examined  for  damage  at  a  magnification  of  80 
power  minimum.  Any  lead  which  exhibits  nicks,  cuts,  crimps  or  scoring 
which  cut  iAto  or  deform  the  wire  by  more  than  25%  of  the  original 
diameter  shall  cause  the  device  to  be  a  reject. 

3.9  LEAD  WIRES 

Lead  wires  shall  be  inspected  at  a  magnification  of  20  power 
minimum.  The  following  constitutes  rejectes  for  improper  lead  placement 
and  lead  dress: 

a.  Leads  which  exhibit  sufficient  excess  length  such  that  there 
exists  the  capability  of  shorting  to  another  lead,  edge  or 
surface  of  the  die,  or  to  the  bottom  or  top  of  the  package 
without  deforming  the  diameter  of  the  lead  shall  cause  the 
device  to  be  rejected 

b.  When  viewed  from  above,  leads  which  cross  one  another  or 
which  cross  any  metalization  which  is  discontinuous  with  the 
pad  to  which  the  lead  is  bonded  shall  cause  the  device  to  be 
rejected. 

c.  Lead  material  greater  in  length  than  2  wire  diameters  that 
is  fixed  only  on  one  end,  as  for  example  "pigtails",  shall  cause 
the  device  to  be  rejected. 

3.10  CONDUCTING  PARTICLES 

Inspection  for  conducting  particles  shall  be  performed  at  a  magni¬ 
fication  of  20  power  minimum.  Any  device  which  contains  loose  or  easily 
removable  electrically  conducting  segments  of  material  which  are  not 
part  of  the  device  design  is  a  reject.  Electrically  conducting  material 
shall  include  any  material  of  sufficient  conductance  to  cause  device  failure 
of  any  electrical  specification  by  shorting  contacts. 
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3.11  WEDGE  BONDS 

Wedge  bonds  shall  be  inspected  at  a  magnification  of  20  power 
minimum.  W  edge  bonds  which  are  made  at  the  post  such  that  the  diameter 
of  the  wire  at  regions  where  the  wire  does  not  make  metallurgical  contact 
to  the  post  is  constricted  to  less  than  1/2  of  the  normal  wire  diameter 
shall  cause  the  device  to  be  a  reject. 

4.  PAD,  FILLET,  AND  INTERCONNECT  AREAS 

The  pad,  fillet,  and  interconnect  areas  shall  be  negotiated  by  the 
purchaser  with  the  vendor  prior  to  procurement. 


I 


I 
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KEY 

••••  SCRATCHES  WITH 


Fig.  1.  Examples  of  acceptable  and  rejectable  devices  for  scratches. 
Note  that  only  those  scratches  which  expose  silicon  dioxide 
somewhere  along  the  scratch  shall  cause  rejection. 
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ooooo 


ep- 


^3 


SCRATCH 

CONDUCTING  PATH 
OXIDE  STEPS 

CONTACT  TO  Si 

SCRATCH  WITH 
EXPOSED  Si02 


Fig.  2a.  ACCEPT,  a  *  b  AND  0.6 mil. 

REJECT,  a  ♦  b  OR  e*d<0.6mil. 


Fig.  2b.  ACCEPT,  a  2  0.6  mil. 
REJECT,  o<  0.6  mil. 


Fig.  2c.  ACCEPT,  a  i  0.4  mil. 
REJECT,  o<  0.4 mil. 


Fig.  2d.  ACCEPT,  a  2  0.4  mil. 
REJECT,  a  <  0.4  mil. 


Fig.  2.  Examples  of  acceptable  and  rejectable  devices 
for  scratches  at  or  along  oxide  steps. 
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KEY 

oooo 

SCRATCH 

cp — ► 

ODN  DUCTING  FATH 

— 

OXIDE  STEP 

m 

CONTACT  TO  Si 

Fig.  2r  ACCEPT,  a  ♦  b  i  0.4  mil. 

REJECT,  a  ♦  b  <  0.A  mil  SINCE  THE  CONDUCTING  PATH 
TO  CONTACT  I  IS  AFFECTED. 

ACCEPT,  c*d+s  20.6  Mil  SINCE  THE  CONDUCTING  PATH 
TO  CONTACT  B  2  0.6  mil  AND  NO  OTHER  CONTACT 

IS  AFFECTED.  - 

REJECT,  c*d*s  <  0.6  mil. 


■W 


METAL 


Fig,  2f.  ACCEPT  SINCE  THE  SCRATCH  DOES  NOT  EXPOSE  SiO, 
AN0  o  ♦  b  «  0.6  mil. 

REJECT,  a  ♦  b  <0.6  mil. 


Fig.  2  cont.  Examples  of  acceptable  and  rejectable 
devices  for  scratches  at  or  along  oxide 
steps. 
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SSL 


REGIONS  OF 
VISIBLE  SiOj 

OR  VOIDS  IN  THE 
METAIIZATION 


Fig.  3.  Examples  of  acceptable  and  rejectable  devices  for  voids  in 
the  metal  interconnect.  Note  that  the  conditions  for  accept 
or  reject  are  the  same  as  for  scratches  (Fig.  1)  except  that 
the  minimum  acceptable  distance  is  larger. 
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KEY 

SiOj  OR  VOIDS  IN 
THE  METAUZATION 


E53I  METAIIZED  PAD 
BH  METAIIZED  PIUET 


ACCEPT  IF  A  PEA  B  <  1/2  AREA  A  AND  IF  THE  REQUIREMENTS 
OF  PARAGRAPH  3.7b,  c,  d  ARE  MET. 

REJECT  IF  AREA  I  >  1/2  AREA  A. 

ACCEPT  IF  AREA  D  <  1/2  AREA  E. 

REJECT  IF  AREA  D  2 1/2  AREA  E. 


Fig.  4.  Examples  of  acceptable  and  rejectable  devices  for 
voids  in  the  metal  pad  apd  fillet. 
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KEY 


REGIONS  OF  SKDj 
OR  VOIDS  IN  THE 
METALIZATION. 


- OXIDE  STEP 


CONDUCTING  PATH 
CONTACT  TO  SILICON 


ACCEPT,  a  S  0.6  mil. 
OR  b  2  0.75  mil. 

REJECT,  a  <  0. 6  mil. 
OR  b<  0.75  mil. 


Fig.  5.  Examples  of  acceptable  and  rejectable  devices  for  voids  at 
an  oxide  step.  Note  that  the  conditions  for  accept  or  reject 
are  the  same  as  for  scratches  at  oxide  steps  (Fig.  2)  except 
that  the  minimum  acceptable  distance  is  larger.  For 
more  examples  of  voids  at  oxide  steps  refer  to  Fig.  2, 
substituting  the  appropriate  numbers. 
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ARC  MET. 

RCJECT  IF  a  IS  LESS  THAN 
0.4  mil. 


Fig.  7.  Examples  of  acc enable  and  rejectable  devices  for  bond 
placement.  Pad,  fillet,  and  interconnect  areas  are  to 
be  negotiated. 
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LEAK  TEST  PROCEDURES  FOR  NOR  GATES 

1.  SCOPE 

1.1  PURPOSE 

This  specification  establishes  the  procedures  for  leak  testing  of 
__  Nor  gates  in  a  flat  package  and  the  rejection  criteria  for  the  leak  tested 
flat  packages. 

2.  APPLICABLE  DOCUMENTS 

2. 1  EFFECTIVE  ISSUES 

The  following  documents  of  the  issue  in  effect  on  the  date  of  this 
document  form  a  part  of  this  specification  to  the  extent  specified  herein. 

Specifications 

Military 

MIL-STD-202C  Test  methods  for  electronic  and  electrical 

component  parts. 

Drawings 
Apollo  G&N 

1006321  Specification  control  drawing  for  dual 

_  nor  gates  (flat-packs). _  _  _ 

3.  REQUIREMENTS 

3.1  GENERAL 

The  three  leak  tests  specified  herein  are  required  to  detect  all 
-  nor  gate  flat  pack  leakers  up  to  5  x  10_8cc/sec.  The  leak  tests  shall  be 
performed  in  the  following  order. 

3.2  HELIUM  OR  RADIFLO  LEAK  TESTS 


3.2.1 


The  helium  or  radiflo  leak  tests  shall  be  performed  in  accordance 
with  MIL-STD-292C  method  112,  condition  C,  to  the  limits  specified  in 
1006321.  ■ 

3.3  NITROGEN  BOMB 

3.3.1  Materials 

3.3. 1.1  Isopropyl  Alcohol,  Reagent  Grade 
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3.3.2  Apparatus 

3.3.2. 1  Pressure  Vessel 

A  pressure  vessel  capable  of  storing  flat  packages  and  capable  of 
maintaining  150  psi  of  nitrogen  for  20  hours  shall  be  used.  The  vessel 
must  be  constructed  such  that  the  packages  can  be  removed  from  the 
vessel  under  pressure  to  the  alcohol  bath  within  a  time:  period  of  no 
longer'than  three  minutes.  -  ~  . . . .  — 


3. 3. 2. 2  Alcohol  Bath  Container 

A  container  of  approximately  4  inch  di  ameter  and  1/2  inch  depth 
shall  be  used. 

3.3. 2.3  Binocular  Microscope 

A  binocular  microscope  capable  of  magnification  of  7  to  10  X 
shall  be  used. 

3.3.3  Procedure 

Flat  packages  shall  be  subjected  toanitrogen  gas  pressure  of  150 
psi  for  10  to  20  hours.  The  flat  packages  will,  then  be  removed  from  the 
pressure  vessel  and  placed  in  an  alcohol  bath  such  that  the  top  of  the 
package  is  under  a  3/8  to  1/2  inch  depth  of  alcohol  and  the  alcohol  bath 
container  shall  be  under  a  binocular  microscope  of  7  to  10  X  magnification. 
The  time  interval  from  beginning  of  depressurization  to  examination  of 
the  packages  under  the  microscope  shall  be  no  longer  than  three  minutes. 
The  flatpackages  shall  then  be  examined  through  the  binocular  micros  cope 
in  groups  of  hoTnore  than25  per  person  observing  and  no  package  body 
shall  rest  on  another  package  body.  The  examination  procedure  shall 
consist  of  the  following: 

The  entire  group  of  25  packages  shall  be  examined 
for  a  continuous  period  of  fifteen  minutes. 

The  criteria  of  a  failure  are  the  following: 

Observation  of  a  continuous  or  intermittent 
stream  of  bubbles  emanating  from  package  leak 
producing  areas  during  any  examination  period. 


Note:  Some  packages  will  immediately  emit  a  stream  of  bubbles 
then  stop  bubbling.  Others  will  emit  an  intermittent  stream  of 
bubbles  while  others  will  not  emit  a  stream  of  bubbles  until  a  time 
period  of  minutes  has  elapsed. 

3.4  HOT  GLYCERINE  BUBBLE  TEST 

The  hot  glycerine  bubble  test  shall  be  performed,  testing  units 
in  accordance  with  MIL-STD-202C  method  112,  condition  A,  with  the 
following  exceptions: 
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1.  Glycerine  shall  be  used  instead  of  mineral  oil. 

2.  The  failure  criteria  shall  be  the  observation  of  a  growing 
bubble  emerging  from  a  sealed  area,  instead  of  observation 
of  a  continuous  stream  of  bubbles  emanating  from  the 
specimen.  The  observation  of  a  growing  bubble  constitutes  a 
leaker  of  greater  than  10“ 5  cc/sec.  Note  that  small  non- 
growing  bubbles^  may  immediately  appear  upon  insertion  of 
theapecimenintothe  glycerine 'due  to  trapped  air  in  external 
package  voids. 
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LIFE  PREDICTIONS  OF  DIFFUSED  GERMANIUM  TRANSISTORS 
BY  MEANS  OF  POWER  STRESS 


W.  C.  GIBSON 

BELL  TELEPHONE  LABORATORIES 
MARION  AND  VINE  STREETS 
LAURELDALE,  PENNSYLVANIA 


Introduction 

Accelerated  stress  techniques1*2  have  gained  general 
acceptance  as  a  means  of  rapidly  predicting  semiconductor 
device  life.  The  technique  was  initially  employed  using 
temperature  as  a  stressing  agent.  Later,  because  of  the 
belief  that  normal  operating  failure  mechanisms  may  be 
enhanced  by  the  applied  voltage  (field),  power  was  also 
used  as  a  stressing  agent.  In  this  case  the  thermal 
resistance  of  the  device  being  evaluated  was  used  to  de¬ 
termine  the  power  necessary  to  realize  a  Junction* temper¬ 
ature  equivalent  to  storage  temperatures.  Little  attention 
was  paid  to  the  manner  in  which  the  power  was  applied. 

Results  obtained  from  power  stress  experiments, 
therefore,  frequently  did  not  agree  with  those  previously 
arrived  at  via  temperature  stress. 3  Different  failure 
modes  were  observed  and  different  life  predictions  resulted. 
These  differences  have  caused  some  skepticism  as  to  the 
validity  of  the  use  of  power  as  a  stressing  agent,  and  in 
fact,  the  u$e  of  accelerated  testing  as  a  means  of  de¬ 
termining  device  reliability  under  operating  conditions.^ 

Considerable  effort  has  been  expended  to  Justify  the 
use  of  both  temperature  and  applied  power  as  the  stressing 
agents  for  silicon  devices. 5  in  general,  however,  life 
predictions  of  germanium  transistors  are  based  on  temper¬ 
ature  stress  data  only.2»°  Mainly,  this  results  from  the 
fact  that  germanium  has  a  lower  intrinsic  temperature  than 
silicon.  Consequently,  the  power  dissipation  range  over 
which  one  can  power  stress  a  germanium  device  without 
introducing  catastrophic  thermal  failures  is  relatively 
narrow.  The  range  also  depends  on  the  particular  device 
design. 
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The  objective  of  the  work  reported  herein  was  to  show 
the  feasibility  of  power  stressing  germanium  devices  to 
obtain  meaningful  life  predictions.  The  general  approach 
followed  in  an  attempt  to  achieve  the  objective  was  to: 

A)  Insure  that  failure  modes  often  observed  when 
using  power  stress  techniques'*  were  not  the 
result  of  inadequate  testing  or  aging  equipment; 

B)  secure  a  "safe”  range  over  which  the  device 
could  be  operated  without  introducing  abnormal 
failures j 

C)  stress  sample  groups  of  devices  based  on  these 
findings  and  predict  the  device  life; 

D)  compare  the  prediction  with  temperature  stress 
life  predictions  of  this  and  a  similar  device; 

E)  comment  on  "in  service"  results. 

Device  Used 

An  epitaxial  germanium  transistor  designed  for 
operation  in  the  low  microwave  region  was  used  for  this 
study.  The  device  is  of  the  diffused  base,  alloyed  emitter, 
mesa  variety  (Figure  1).  S102  18  deposited  on  the  device 

wafer  for  surface  passivation  and  to  protect  it  from 
possible  particle  inclusion  during  encapsulation.  It  is 
encapsulated  in  a  TO-18  package.  An  encapsulation  ambient 
of  nitrogen,  oxygen  and  helium  is  used.  A  BaO  getter  is 
Included  to  minimize  moisture  content.  The  measured 
thermal  resistance  of  the  device  la  1.3°C/mw. 

Special  Precautions 

The  transistor  has  a  relatively  large  gain-bandwidth 
product.  Consequently,  it  is  very  susceptible  to  oscil¬ 
lations  in  standard  test  sets.  The  feedback  required  to 
initiate  and  sustain  the  oscillations  is  provided  by  the 
measuring  circuit  and  the  package.'  These  oscillations 
are  of  sufficient  magnitude  to  drive  the  device  to 
destruction.  Failure,  due  to  oscillations,  is  recognized 
by  a  surface  irregularity  between  the  base  and  emitter 
contacts.  This  Irregularity  results  from  excessive  local¬ 
ized  heating  which  causes  the  base  to  collector,  and 
usually,  the  base  to  emitter  Junction  to  short .  Because 
of  the  speed  with  which  this  type  failure  occurred  it  was 
not  directly  proven  the  result  of  oscillations.  It  was 
.concluded,  however,  from  the  fact  that  elimination  of 
oscillations  in  the  test  set  eliminated  this  type, failure 
during  testing.  It  will  be  shown  later  f  Section  (Power 
Stress  Evaluation,  Part  Cj  1  why  oscillations  cause  the 
failure . 
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MESA  RING  DOT  TRANSISTOR 


Figure  1 


A  second  problem  resulted  from  the  small  gold  wires 
required  to  connect  the  emitter  and  base  regions  of  the 
device  to  the  header  terminals  (0.2  mils  dla).  The  wires 
are  easily  burned  open  circuit  by  relatively  low  energy 
transients.  For  short  pulses  (<  102  ^sec)  the  energy 
required  for  burnout  is  approximately  4.4  x  10“5  Joules.® 
Opens  as  a  result  of  transients  are  easily  distinguished 
from  those  resulting  from  poor  contacts  or  wirebonds  by  the 
characteristic  ball  which  forms  at  the  melted  end  of  the 
wire.  In  general,  the  transistor  element  is  not  damaged, 
but  is  protected  by  the  fuse-like  behavior  of  the  wire. 

The  two  conditions  discussed  above  made  it  necessary 
to  carefully  design  and  construct  test  sets  specifically 
for  measuring  this  device.  Oscillations  were  eliminated 
simply  by  minimizing  long  lead-wire  runs  which  provided 
feedback  loops,  and  by  inserting  inductive  ferrite  beads 
around  the  base  terminal  at  the  test  socket.  This  was  done 
by  trial  and  error  and  required  adjustment  as  the  gain  of- 
the  device  was  improved. 
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The  new  test  set  design  also  incorporated  a  low  pass 
filter  between  the  .test  device  and  the  test  set  circuitry. 

In  this  way  transients  from  power  lines,  power  supplies  and 
switches  of  sufficient  magnitude  and  duration  to  cause 
failure  were  eliminated.  In  addition,  static  charges  from 
test  set  operators  were  dissipated  by  use  of  grounding 
bracelets.  The  same  approach  used  to  eliminate  oscillations 
and  transients  in  the  test  sets  was  used  also  in  designing 
the  aging  facility.  No  catastrophic  shorts  or  opens  result¬ 
ing  from  transients  were  observed  for  evaluation  samples 
tested  and  power  stressed  using  this  equipment. 

Determination  of  "Safe"  Operating  Region 

Background 

Sikora  and  Miller5  have  done  extensive  work  to  de» 
termine  the  reasons  for  the  differences  between  semi¬ 
conductor  device  life  predictions  based  on  temperature 
stress  results  and  those  based  on  power  stress  results. 3*4 
Their  general  conclusion  was  that  much  of  the  discrepancy 
could  be  eliminated  if  devices  were  operated  in  the  region 
below  hpg  (common  base  current  gain)  equal  unity.  If 
devices  are  operated  above  this  region,  corrections  must  be 
made  for  power  dissipated  in  the  emitter  and  for  changes  in 
the  thermal  resistance.  Although  their  work  was  done  using 
diffused  silicon  mesa  transistors,  it  is  reasonable  to 
suppose  that  the  same  conditions  would  apply  to  germanium 
transistors . 

Experimental  Approach 

Ten  transistors,  randomly  chosen  from  production 
devices,  were  used  to  generate  an  hpg  equal  unity  curve. 

The  devices  were  placed  in  a  specially  constructed  test 
circuit.  Figure  2,  and  the  Vqb  (collector-base  voltage)  was 
varied  for  fixed  values  of  |ln|  (collector  current)  until 
hpg  equalled  unity;  i.e.,  until  Xg  equalled  zero.  During 
tne  tests,  the  collector  terminal  was  monitored  to  insure 
that  no  oscillations  occurred.  This  was  necessary  because 
the  base  current  usually  reverses  when  the  device  oscillates, 
erroneously  indicating  an  hpg  greater  than  unity. 

The  results  of  these  tests  are  illustrated  by  Figure 
3  which  contains  a  plot  of  the  distributions  of  | VcbI  versus 
the  various  set  values  of  |Iq|  for  the  parameter  hpg  equal 
unity.  The  plot  exhibits  a  definite  nonlinearity  through¬ 
out,  as  the  175mw  isopower  curve  illustrates.  The  power 
capability  of  the  device  la  3een  to  decrease  drastically  as 
| VcbI  1s  increased.  The  plot  shows  that  misleading  power 
stress  results  might  be  expected  if  the  device  is  operated 
above  a  | Vcb I  of  about  8  volts  to  supply  power  greater  than 
about  150mw. 
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hFB  MEASUREMENT  CIRCUIT 


Figure  2 


Dominant  Failure  Mechanism  for  Operation  in  hPB  > 


The  reason  for  the  decrease  in  the  device  power 
capability  with  an  increase  in  |VcbI  can  best  be  understood 
by  reviewing  the  device  geometry  shown  on  Figure  1,  and  the 
device  impurity  profile  shown  on  Figure  4, 

The  three  epitaxial  layer  impurity  profiles  shown  on 
Figure  4  were  measured  using  differential  capacitance- 
voltage  techniques .  The  base  impurity  profile  was  calcu¬ 
lated  using  the  complementary  error  function  and  the 
nominal  measured  sheet  resistance  and  Junction  depths.  The 
depth  of  the  alloyed  emitter  was  calculated  using  the  weight 
of  aluminum  evaporated  over  the  device  emitter  area  and  the 
temperature  of  alloy.  The  difference  in  the  three  epi¬ 
taxial  layer  profiles  shown  results  from  variations  in  the 
epitaxial  layer  tv  oknesses.  It  is  mainly  this  variation 
that  causes  the  .atively  wide  distributions  in  (VcbI  for 
a  given  |lc|  at.  apB  equal  unity  as  shown  on  Figure  3. 
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Three  different  values  of  | Vcb I  required  to  extend 
the  collector  depletion  region  to  the  epitaxial  layer- 
substrate  Interface  for  three  different  devices  are  shown 
on  Figure  4.  When  the  collector  side  of  the  depletion 
region  reaches  this  point,  additional  Increases  In  |VcbI 
will  result  in  a  rapid  extension  of  the  depletion  region 
Into  the  base.  Using  the  average  of  the  impurity  concen¬ 
trations  shown  on  Figure  4,  and  again  applying  depletion 
layer  equations,  one  will  find  that  for  a  Vctj  ”  -4  Vdc 
0.126u  of  the  base  region  and  0.9m-  of  the  collector  region 
have  been  depleted.  Thus  about  2/3  of  the  base  thickness 
is  swept  free  of  majority  carriers  at  this  low  voltage. 

Any  further  Increase  in  ]Vcb|,  therefore,  would  result  in  a 
severe  Increase  In  the  transverse  base  resistance  which 
causes  an  Increased  voltage  drop  In  the  semiconductor 
between  the  base  and  emitter  and  particularly  under  the 
emitter.  Consequently,  the  emitter  starts  to  severely 
debias  al;  the  center  which  causes  extreme  current  crowding 
beyond  this  |VcbI .9“12 
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DISTANCE  FROM  SURFACE  -/i. 


Figure  4 


For  this  reason,  if  one  chooses  to  maintain  a 
constant  If  and  step  |Vcb|  to  increase  the  power  stress 
level,  as  JVcbI  increases  beyond  about  8  volts,  severe 
emitter  current  crowding  will  occur.  For  the  same  amount 
of  current  (constant  If)  passing  through  the  much  reduced 
emitter  area,  the  emitter  current  density  will  become 
excessively  high}  i.e.  greater  than  15,000  amp/cm2  at 
l£  -  lOma.  The  result  is  thermal  runaway,  intrinsic 
conduction,  and  finally  failure  due  to  local  melting. 

A  failure  caused  by  this  mechanism  is  recognized  by 
a  surface  irregularity  which  results  from  the  melted  region. 
The  irregularity  is  the  Bame  as  was  observed  for  devices 
that  failed  as  a  result  of  sufficiently  high  energy  oscil¬ 
lations.  Figure  5  is  a  photomicrograph  of  such  a  failure. 
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The  melt  occurs  between  the  base  ring  and  the  emitter 
dot  adjacent  to,  or  under,  the  base  wire  bond  for  this 
device.  It  occurs  here  because  this  Is  the  line  of  least 
resistance  during  the  extreme  emitter  current  crowding. 

The  melt  usually  originates  at  the  base  gold  wire  bond  and 
extends  towards  the  emitter  during  this  period  since  the 
Au-Qe  eutectic  temperature  (356°C)  is  the  lowest  melting 
point  of  the  structure.  It  is  postulated  that  failures  of 
this  nature  resulting  from  oscillation  occur  when  the 
oscillation  are  of  sufficient  amplitude  and  frequency  to 
cause  an  excursion  of  operating  voltage  beyond  the  "safe" 
voltage  during  the  negative  portion  of  the  cycle.  When  the 
RMS  power  dissipated  in  the  "unsafe"  region  is  sufficient 
to  cause  thermal  runaway,  failure  occurs  in  a  manner 
similar  to  the  DC  case. 


CURRENT  DENSITY  FAILURE 


BIAS  SETTING 

VCB*  "86VDC 
Ic  S-I4.8MADC 

PT-  127  MW 


Figure  5 


By  eliminating  the  capability  of  the  test  sets  and 
the  aging  facilities  to  oscillate,  and  by  selecting  points 
within  the  "safe"  operating  region,  these  type  failures 
will  be  eliminated.  For  example  if  one  chooses  a  constant 
|VCB|  of  5  volts  and  ateps  the  current,  the  device  can  be 
safelyi stressed  to  about  150mw.  (By  "safe"  it  is  meant 
that  only  normal'  operating  failure  mechanisms  will  be 
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accelerated).  As  stated  previously,  the  "safe"  operating 
region  will  vary  from  device  to  device  depending  on  the 
design.  This  Is  true  regardless  of  whether  the  device  is 
silicon  or  germanium. 

Power  Stress  Evaluation 


Criteria  of  Failure 


The  failure  criteria  used  for  this  evaluation  are  as 
follows  t 

1.  ICB0(vCB0"  -lOVdc)  >  3tJ-Adc( initial  ICB0  <  1.5nAdc) 

2.  dhpE(lc«  -5mAdc,  V^-  -5Vdc)  >  ^(initial  hPE  >  8) 

3.  &WvCBO“  ~5 Vdc , f -100KC ) >  +255<( Initial  Cob<  0.6pf ) 

(lCBo“  collector  to  emitter  current,  base  open) 

(Vcbo“  collector  to  base  voltage,  emitter  open) 

(Cob**  collector  to  base  capacitance,  emitter 
open) 

These  characteristics  were  selected  on  the  basis  of 
performance  of  this  device  and  a  similar  device  (2N559) 
during  temperature  stress  experiments,  and  because,  by 
correlation,  their  stability  will  determine  the  performance 
of  the  device  in  the  field.  Hie  allowed  drift  in  ICBC* 
however,  is  more  restrictive  than  would  be  required  for 
good  field  performance.  The  allowed  range  in  hPg  is 
sufficient,  however,  to  cause  field  failures. 

The  collector  capacitance  was  monitored  for  Initial 
samples  tested  In  the  hope  that  channels  could  be  detected. 
This  proved  ineffective,  however,  since,  in  general, 
increases  in  Icbo  resulted  from  general  collector-base 
Junction  softening  rather  than  from  channeling. 

Experimental  Approach 

Five  sample  groups  of  devices  were  randomly  selected 
from  regular  production  lots.  Two  of  the  sample  groups 
were  set  for  long  term,  low  level  fixed  stress  aging.  The 
remaining  three  sample  groups  were  set  for  intermediate 
to  high  level  power  step  stress1*2  aging.  Table  I, below, 
lists  the  pertinent  information  related  to  the  sample 
groups . 
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TABLE  I 

Power  Stress  Summary 


Sample  Applied  Equiv. 


Sample 

Size 

Variable 

Operating  Pt. 

Power 

Temp* 

1 

69 

Time 

|lc|-10mAdc, |vCB|-5Vdc 

50mw 

90°  C 

2 

52 

Time 

|lc|-15mAdc, |VCB|-5Vdc 

75mw 

123°  C 

3 

20 

Stress 
4  hr 
Steps 

15mA  <  j Ic |  <  30mA 

75-150mw 

4 

20 

Stress 

20  hr 
Steps 

|Vcb!  -  5Vde 

A-25mw 

123- 

22C  C 

5 

20 

Stress 

100  hr 
Steps 

*TJ 

*  ®JC 

PA  +  V  < 

JjC  “  thermal  resistance 

s  a  1.3'C/mw, 

Ta  ■  temperature  of  ambient  -  25° C . 


Aa  the  table  Indicates,  sample  1  and  2  were  held 
constant  at  50  and  75«w  and  measured  periodically.  Samples 
3,  4  and  5  were  stressed  beginning  at  75®w  and  increased  to 
150mw  In  increments  of  25mw.  They  were  at  these  stress 
levels  for  periods  of  4,  20  and  100  hours,  respectively. 

The  equivalent  Junction  temperature  was  arrived  at  using  a 
measured  Qjq  of  1.3°0/mw  (measured  at  Ig  *  5mA  and  Vcb““5V). 
This  is  Justified  since  the  operating  points  did  not  exceed 
the  point  where  hpg  equals  unity;  therefore,  the  thermal 
resistance  should  not  vary  significantly  from  the  measured 
value . 


Analysis  of  Results 

The  data  obtained  from  these  tests  were  plotted  to 
determine  the  failure  distribution  of  each  group.  Samples 
1  and  2  were  plotted  using  coordinates  of  log  time  versus 
percent  failure  whereas  samples  3»  4  and  5  were  plotted 
using  coordinates  of  linear  applied  power  versus  percent 
failure.  The  data  points  were  easily  fitted  by  a  straight 
line  in  each  case.  Table  II,  below,  contains  a  tabulation 
of  the  time  of  failure,  the  applied  power  and  the  equivalent 
junction  temperature  for  the  five  sample  groups  power 
stressed.  The  10  and  50#  failure  points  are  included. 
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Power 

10# 

TABLE  II 

Stress  Failure  Rates 

50# 

Time  of 
Sample  Failure 

Power  Equiv.  Tj 

Time  of 
Failure 

Power  Equiv.  Tj 

1 

lxlO^hrs* 

50mw 

90°  C 

l.SxlO^hrs* 

50mw 

90°  C 

2 

3.5xl03 

75 

123 

5xl04* 

75 

123 

3 

4 

105 

162 

4 

141 

206 

4 

20 

83 

133 

20 

119 

180 

5 

100 

70 

126 

100 

122 

184 

‘Extrapolated  values 


The  failure  modes  observed  were  Increased  Icbo  and 
decreased  hpE-  Eighty -eight  percent  of  the  failures 
occurred  because  of  high  lego  and  because  of  low  hp-g. 

No  catastrophic  failures  s\.)h  as  described  previously  were 
observed,  although  In  Isolated  cases  l because  of  variations 
In  gain)  the  devices  were  operated  within  the  range  which 
separates  the  "safe"  from  the  "unsafe"  operating  region. 

No  significant  differences  were  observed  between  these 
devices  and  the  others  as  far  as  failure  mode  and  frequency 
of  failure  Is  concerned.  These  results,  therefore.  Indicate 
that  the  first  two  objectives  of  this  program  had  been  met. 
That  Is,  the  capability  to  safely  test  and  power  stress  the 
device  without  causing  catastrophic  failures. 

The  values  of  time  and  equivalent  Junction  temper¬ 
atures  listed  in  Table  II  are  used  to  construct  a  10#  and 
50#  acceleration  curve.  The  curves  are  shown  on  Figure  6 
along  with  an  extrapolated  1#  acceleration  curve.  Coordi¬ 
nates  of  linear  reciprocal  degrees  Kelvin  and  log  time  In 
hours  are  used.  The  points  obtained  from  the  five  sample 
groups  used  describe  reasonably  well  defined  straight  lines. 
The  activation  energy  obtained  from  the  slope  of  the  lines 
is  about  1.6  ev.  From  tl.jse  curves  the  extrapolated  10# 
and  50f  life  at  the  rated  temp'  rature  (100°C)  Is  about 
8  x  103  and  1  x  10°  hours,  respectively.  At  30mw,  the 
maximum  power  dissipated  by  the  device  in  the  field  at  25°C, 
the  expected  life  is  about  6  x  10°  and  4  x  10“  hours  for 
10#  and  50#  failure,  respectively. 
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POWER  STRESS  ACCELERATION  CURVES 


TIME -HOURS 


Figure  6 


Comparison  of  Results  With  Other  Reports 

For  a  general  comparison,  the  activation  energy  and 
median  life  at  100 °C  are  listed  in  Table  III  along  with 
data  reported  by  Dodson  and  Howard1  and  by  Peck^,  who  used 
temperature  step  stress  to  determine  expected  life  of  a 
similar  device  (2N559). 


TABLE  III 


Median  Encapsulation 

Report  Activation  Energy,  ev  Life  at  100° C  Process 


Peck 

1.0 

10^ 

vacuum  baked 

Dodson  8: 
Howard 

0.9 

3.5  x  105 

vycor  getter 

This  Data 

1.6 

106 

S102  coated 

wafer 

barium  oxide 

getter 
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POWER  (MW) 


The  differences  In  results  listed  In  Table  HI  are 
attributed  to  Improvements  made  In  the  techniques  used  to 
fabricate  this  type  device.  Por  example.  Peck's  data  was 
obtained  using  devices  which  were  vacuum  baked  prior  to 
encapsulation  and  then  encapsulated  without  a  moisture 
getter.  Dodson  and  Howard's  work  was  done  after  the  vycor 
getter  had  been  Introduced.  As  stated  previously,  the 
device  wafer  used  here  was  coated  with  S102  prior  to 
encapsulation  and  then  encapsulated  with  a  BaO  getter. 

Although  these  data  were  necessarily  obtained  using 
small  samples,  the  use  of  five  such  samples  and  both  short 
term  and  long  term  power  aging  lend  confidence  to  the 
results .  A  comparison  of  the  results  with  temperature 
stress  data  obtained  for  this  device  lends  additional 
support . 

Long  term  fixed  temperature  and  short  term  step 
temperature  experiments  were  conducted.  Figure  7  Is  a  plot 
of  the  resulting  median  acceleration  curve  and  the  power 
stress  median  acceleration  curve  shown  previously  on 
Figure  6.  For  purposes  of  comparison,  the  median  temper¬ 
ature  acceleration  curve  was  drawn  parallel  to  the  median 
power  stress  acceleration  curve.  As  seen,  the  line  provides 
a  reasonable  fit  to  the  points.  The  activation  energy 
obtained  from  the  two  acceleration  curves  is,  therefore, 
considered  the  same,  and  since  the  observed  failure  modes 
for  both  temperature  and  power  stress  were  alike,  the 
failure  mechanism  Is  also  considered  the  same. 

It  In  interesting  to  note  the  difference  in  levels 
between  the  median  power  and  the  median  temperature  ac¬ 
celeration  curve.  Recall  that  this  difference  resulted 
even  though  no  abnormal  failure  modes^'5  were  observed 
among  the  failures.  Therefore,  even  after  extensive 
precautions  are  taken  to  eliminate  all  but  normal  failure 
modes,  the  predicted  life  at  a  given  temperature  may  be 
significantly  less  when  power  stressed  than  when  temper¬ 
ature  stressed.  Consequently,  it  must  be  concluded  that 
the  associated  electric  field  enhances  the  failure 
mechanism.  For  any  particular  device  design,  therefore, 
the  electric  field  (applied  voltage)  should  be  kept 
constant  (and  in  a  ftsafe"  region)  during  power  stress 
experiments.  This  will  Insure  a  constant  electric  field 
stress  for  each  sample  group  of  the  experiment.  Tl.e  actual 
electric  field  enhancement  of  the  failure  mechanism, 
however,  was  not  determined  during  this  experiment. 

The  mechanism  which  caused  failure  of  this  device 
during  power  and  temperature  aging  is  believed  to  be 
diffusion  of  gold  from  the  base  contact  through  the  0.15m- 
base  layer  to  the  collector-base  depletion  region,  or 
migration  of  gold  or  sliver  or  both  under  the  S102  and 
down  the  mesa  to  the  collector  base  Junction.  Such 
migration  has  been  observed.  The  gold  diffusion  through 
the  base  probably  takes  place  along  strain  lines  set  up  in 
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the  base  layer  when  the  emitter  region  Is  alloyed.  These 
beliefs  are  supported  by  the  1.6  ev  activation  energy 
resulting  from  these  tests. 


> 


ACCELERATION  CURVES 


Figure  7 


"In  Service"  Result a 


Twenty  thousand  of  these  high  frequency  germanium 
translators  have  been  in  service  for  over  a  year.  To  date, 
from  these  twenty  thousand  devices,  only  eight  "in  service" 
failures  have  been  observed.  These  eight,  through  failure 
analyses,  were  traced  to  failure  of  another  component  in 
the  system.  The  characteristic  molten  region  shown  In 
Figure  5  appeared  on  each  device.  This  type  failure  is  not 
normally  observed  when  the  device  is  operated  at  rated 
conditions.  It  would  only  be  expected  to  occur  if  the 
emitter  current  density  is  greatly  increased  as  discussed 
earlier. 

An  extrapolated  1 %  power  acceleration  curve  was 
plotted,  Figure  6,  in  an  effort  to  determine  when  "in 
service"  failures  should  start  occurring.  Under  maximum 
"in  service"  operation  conditions  (30mw(inax)j  64°Cmax)  the 
curve  predicts  that  Vf>  of  the  devices  (200)  should  have 
failed  after  15 'months  of  operation.  To  date,  however, 

•  'i  ■ 
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after  about  six  months  of  actual  ‘'in  service"  operation  no 
known  normal  failures  have  occurred.  This  was  expected, 
however,  for  two  reasons.  First,  devices  which  would  have 
failed  the  IcbO  >  3hAdc  end  point  will  not  necessarily 
appear  as  field  failures,  and  secondly,  few.  If  any,  of  the 
devices  are  operated  at  maximum  ratings . 

Conclusions 


The  conclusions  drawn  from  the  work  reported  herein 
can  be  summarized  as  follows: 

A)  Meaningful  predicted  life  expectancy  of 
germanium  devices  can  be  determined  from  power  stress 
results  if  test  sets  and  aging  facilities  do  not  Introduce 
failures,  and  If  the  "safe"  operating  region  of  the  device 
is  predetermined  and  operation  is  kept  within  this  region; 

B)  predicted  sesdconductor  device  life  based  on 
power  stress  results  are  not  necessarily  the  same  as  when 
based  on  temperature  stress  results.  It  was  found  not  to 
be  the  case  for  the  germanium  device  used  for  this  work 
even  after  extensive  precautions  were  taken  to  eliminate 
abnormal  failure  mechanlsras .  Power  stress  results  yielded 
about  2  magnitudes  shorter  life  for  a  given  temperature 
than  did  temperature  stress  results.  The  activation  energy 
In  both  cases  Is  considered  the  same,  about  1.5  ev; 

C)  the  magnitude  of  the  difference  between  the 
temperature  stress  extrapolated  median  life  and  the  power 
stress  extrapolated  median  life  predictions  depends  on  the 
device  design.  For  any  given  design,  voltage,  l.e.,  the 
electric  field,  should  be  held  constant .  This  will  insure 
a  constant  field  enhancement  of  the  failure  mechanism  and 
the  same  transverse  base  resistance  for  each  sample  group; 

D)  temperature  and  power  stress  techniques  should 
be  used  during  any  initial  device  reliability  evaluation 
program  to  determine  the  difference  in  magnitude  of  the 

two  acceleration  curves.  If  a  consistent  difference  occurs, 
(i.e.,  same  activation  energy  but  different  life  prediction) 
the  easier  temperature  stress  technique,  can  then  be  used 
with  the  necessary  correction. 
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FAILURE  MECHANISMS  OF  ELECTROHIC  COKPOHEHTS 


H.  F.  Church  and  B.  C.  Roberts 


The  Electrical  Research  Association 
Leather-head,  Surrey,  England 


Introduction 


The  Electrical  Research  Association  has  for  many 
years  been  investigating  the  causes  of  failure  of  electron¬ 
ic  components.  Long  term  tests  under  fixed  conditions 
have  been  made  on  most  types  of  resistor  and  on  impregnated 
paper  capacitors;  short  term  tests  have  been  made  on 
resistors  under  changing  conditions.  The  effects  of 
storage  on  a  wide  range  of  components  have  been  investi¬ 
gated.  Components  derived  from  AGREE  testing  and  from 
field  service  have  been  examined.  This  work  falls  within 
the  Materials  Department  of  E.R.A. ,  whose  general  concern 
is  with  the  behaviour  of  insulating  materials  and  dielect¬ 
rics  under  electrical  stress.  The  work  is  supported  and 
guided  by  member  companies  and  by  the  Ministry  of  Aviation. 

This  paper  is  a  review  of  E.R.A.'s  work  on  mechan¬ 
isms  of  failure  in  components.  An  attempt  has  been  made 
to  assemble  the  many  different  mechanisms  into  a  few 
groups  and  to  point  out  the  relationships  between  these 
groups  where  they  exist.  The  chart  in  Fis.l  shows  these 
groups  and  relationships,  and  can  be  used  also  as  a  table' 
of  contents  for  the  paper.  The  number  against  each  group 
refers  to  the  relevant  section  in  the  text. 

This  programme  of  research  has  occupied  many  years, 
and  the  types  of  failure  observed  do  not  necessarily  occur 
to  the  same  extent  in  current  production,  the  manufactur¬ 
ers  having  profited  by  the  results  of  the  research  as  they 
became  available. 


NOTE:  Section  k  is  missing  in  this  paper. 
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1. 


Accidental  damage  or  defect  during 
manufacture  of  component. 

Examples  of  failure  due  to  defects  in  manufacture 
are  drawn  from  life  tests  of  resistors  and  capacitors, 
from  AGREE  testing  of  equipment  and  from  field  service. 

The  latter  two  sources  also  provided  a  few  failures  of 
other  components. 

In  film  resistors,  scratches  in  the  film  and  flaws 
in  the  substrate  have  led  to  failure  by  local  overheating 
and  eventual  arcing  at  the  discontinuity.  The  conse¬ 
quences  of  this  defect  are  dealt  with  in  detail  in 
Section  12. 

Poor  cutting  of  the  spiral  groove  has  occasionally 
been  found  in  metal  film  resistors.  Pig. 2  shows  a  partial 
bridge  across  the  groove  where  the  cutting  tool  nearly  left 
the  surface.  This  defect  caused  instability  on  load  and 
a  high  noise  level.  - 


Figure  2 

Bridge  across  groove  in  metal  film  resistor, 
caused  by  cutting  tool  leaving  surface. 


A  rare  defect  is  the  cracking  of  the  brass  end  cap 
of  a  resistor  which  led  to  electrochemical  attack  in  a 
moist  environment.  Examples  are  given  in  Section  9. 

Silver,  which  is  used  by  some  resistor  manufacturers 
for  making  connections,  is  occasionally  applied  accident¬ 
ally  to  the  resistive  film.  Here  it  causes  an  unstable 
path  for  the  current  in  parallel  with  the  film,  and,  in 
moist  conditions,  can  migrate  to  other  parts  of  the  re¬ 
sistor  (see  Section  8).  An  example  of  careless  applica¬ 
tion  of  silver  is  given  in  Fig. 3  together  with  an  electro- 


graphic  print  in  Fig. 4.  In  Fig. 5  is  shown  a  speck  of 
silver  bridging  a  groove.  The  silver  was  applied  before 
the  groove  was  cut,  but  evidently  survived  the  passing  of 
the  cutting  tool  and  was  pressed  into  the  bottom  of  the 
groove,  making  a  fairly  permanent  conductive  bridge.  The 
alternate  heating  and  cooling  during  the  subsequent  3.ife 
test  caused  the  bridge  to  open  and  the  resistance  to  rise 
by  about  10?». 


Figure  3. 


Figure  4 


Figure  5 


Fig. 3:  Silver  accidentally  applied  to  body  of  film 

resistor. 

Fig. 4s  Electrographic  print,  made  with  potassium  chrom¬ 
ate  of  silver  shown  .1  Fig. 3.  The  dark  areas 
correspond  to  the  light,  silver,  areas  of  Fig.  3« 
Fig. 5s  Silver  bridging  groove  in  film  resistor.  Silver 
in  groove  was  not  removed  by  cutting  tool. 
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Pig. 6  is  an  X-ray  photograph  of  two  film  resistors 
with  ceramic  substrate  which  failed  during  cyclic  load. 
One  of  the  leads  in  each  resistor  had  been  pushed  too  far 
into  the  ceramic  tube  during  assembly.  Heating,  or  a 
momentary  surge  of  voltage  probably  initiated  an  arc 
which  led  to  a  short  circuit. 


Figure  6 

X-ray  photograph  of  2  film  resistors, 
showing  leads  causing  short  circuit 


Xnadeqi’ate  sealing  against  moisture  has  been  a  fre¬ 
quent  cause  of  failure  among  resistoi-c  on  test.  The 
electrochemical  effects  of  moisture  penetration  are  dealt 
with  in  Sections  8  and  9.  Generally  the  resistors  with 
a  rigid  protective  coating  of  moulded  plastic  or  synthetic 
resin  admit  moisture  eventually  between  the  case  and  the 
leads.  Resistors  protected  with  lacquer  may  eventually 
admit  moisture  through  the  sides  as  well  as  through  the 
ends.  Thermal  cycling  either  in  service  or  on  test  may 
open  craclss  through  which  moisture  can  enter.  In  one 
type  tested  at  E.3.A.  moisture  evidently  entered  at  the 
ends  while  the  environment  was  cool  and  moist,  but  became 
trapped  when  load  was  applied.  Failure  was  very  rapid. 

In  paper  and  plastic  film  capacitors,  conducting 
particles  can  cause  local  electrical  stress  concentrations 
which  lead  to  breakdown  of  the  dielectric.  The  effect  of 
ionizable  impurities  introduced  during  manufacture  into 
impregnated  capacitors  is  dealt  with  in  Section  10. 


A  gross  manufacturing  defect  in  a  silvered  mica  cap¬ 
acitor  is  shown  in  Fig. 7.  The  rectangular  deposits  of 
silver  were  applied  asymmetrically  to  opposite  faces  of 
the  mica,  so  that  at  one  corner  they  nearly  overlapped  the 
mica  and  touched.  Breakdown  took  place  at  this  corner. 
Fig.  8  shows  a  crack  in  a  sheet  from  another  silvered  mica 
capacitor  which  led  to  breakdown. 


Figure  7  Figure  8 


Silver  applied  asymmetrically  Crack  in  sheet  of  silvered 
to  mica  in  capacitor , causing  mica  capacitor,  causing  short 
short  circuit  at  lower  left  circuit, 

corner. 

Fig.  9  shows  part  of  an  aluminized  plastic  film  cap¬ 
acitor,  in  which  external  connection  was  made  by  spraying 
the  edges  with  zinc.  Some  of  the  zinc  had  penetrated  too 
far  and,  at  another  part  of  the  capacitor,  made  contact 
with  the  aluminiiun  of  the  wrong  electrode. 

On  a  small  AK  transformer  a  solder  tag  was  incorrect¬ 
ly  positioned  and  because  of  vibration  eventually  touched 
a  vacuum  tube  screening  can. 


Figxire  9 

Penetration  of  s  'rayed  zinc  into  metallized  plastic  capac¬ 
itor,  The  invading  zinc  appears  as  the  streaks  on  the 
left-hand  side. 
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A  tap  on  the  Inside  of  a  toroidally  wound  RF  trans¬ 
former  was  carelessly  soldered  and,  under  vibration  or 
heat  cycling,  touched  an  adjacent  turn  and  put  the  circuit 
out  of  tune. 

* 

In  a  silicon  Zener  diode  the  wire  connecting  the 
crystal  to  a  termination  was  severed  but  made  intermittent 
contact.  Also  a  short  piece  of  the  same  kind  of  wire  was 
found  loose  in  the  case.  Thus  by  appropriate  knocking  or 
shaking  it  was  possible  to  make  the  device  function 
correctly,  have  an  opei  circuit,  or  a  short  circuit. 

2.  Accidental  damage  during  assembly 
or  repair  of  equipment. 

Serious  damage  at  this  stage  would  usually  be  detect¬ 
ed  by  pre-service  testing.  The  fault  illustrated  in 
Fig. 10  did,  however,  escape  detection  at  this  stage.  The 
photograph  shows  a  wire-wound  resistor,  originally  coated 
with  lacquer,  withthree  adjacent  turns  evidently  damaged 
by  a  sharp  object  such  as  a  screwdriver.  The  wire  was 
flattened  at  the  point  of  impact  and  broken  at  one  point. 
The  wire  must  have  devel  -ped  a  hot  spot  at  the  point  of 
damage  and  eventually  burnt  out. 


Figure  10. 

Damage  to  wire-wound  resistor  during  assembly. 
Extreme  left  wire  is  broken.  Two  others  are  damaged. 


Soldering  is  a  hazard  to  thermally  sensitive  compon¬ 
ents,  which  can  result  in  failure  aftex*  the  equipment  has 
been  put  into  service.  An  example  of  this  failure  is  pro¬ 
vided  by  the  small  silvered  mica  capacitors  mentioned  in 
Section  5.  The  terminal  wires  were  partially  detached 
from  the  mica  stack  during  soldering,  and  became  discon¬ 
nected  during  service. 


162 


3.  Failure  during  storage  of  component  or  equipment. 

For  the  past  four  years  E.R.A.  has  been  engaged  on  a 
programme  of  component  storage.  Five  identical  sets  of 
components  are  under  different  storage  conditions.  The 
range  of  components  includes  fixed  resistors  and  capaci¬ 
tors,  potentiometers,  relays,  plugs  and  sockets,  trans¬ 
formers,  potted  circuits,  and  semiconductors.  The 
storage  conditions  are 

(1)  Laboratory  condition,  protected  only  from  dust; 

(2)  Laboratory  temperature,  doubly  wrapped  in  poly¬ 
thene  and  desiccated; 

(5)  Laboratory  temperature  in  dry  air; 

(4)  0*0,  desiccated;  as  in  (2); 

(5)  — 20»C ,  desiccated,  as  in  (2). 

The  results  which  have  so  far  emerged  from  these 
tests  are  as  follows  : - 

Carbon  composition  resistors  have  lost  moisture  and 
fallen  in  value  in  the  dry  conditions  at  laboratory  temp¬ 
erature  (Nos.  2  and  3  above).  This  is  not  a  serious 
effect,  since  it  takes  place  in  any  case  when  the  resist¬ 
ors  are  loaded,  and  is  reversible. 

Some  electrolytic  capacitors  have  also  lost  moisture 
in  the  dry  conditions  at  laboratory  temperature  (Nos ,.2  and 
3  above).  This  loss  is  accompanied  by  loss  of  capacit¬ 
ance  and  increase  in  loss  tangent.  Whether  the  effect  is 
eventually  reversible  has  not  yet  been  determined,  but  if 
the  capacitors  were  put  into  service  straight  from  dry 
storage  they  would  be  defective. 

Some  paper-foil  and  metallised-paper  capacitors  in 
the  first  storage  condition  (only  protected  from  dust  in 
the  laboratory)  have  absorbed  moisture  with  consequent 
increase  of  capacitance  and  increase  in  loss  tangent-.  The 
sealing  against  moisture  is  evidently  inadequate.  These 
would  be  classed  as  defective. 

Among  the  other  types  of  resistor  and  capacitor,  and 
all  the  other  components,  there  are  no  significant  differ¬ 
ences  which  can  be  attributed  to  the  storage  conditions. 

It  is  now  proposed  to  load  the  components  for  10,000  hours 
to  discover  if  the  storage  conditions  have  had  any  delayed 
effect  upon  performance. 

In  addition  to  the  components  in  the  above  programme, 
E.R.A.  has  examined  components  which  have  failed  in 
Service  stores.  The  behaviour  of  one  type  of  carbon 
composition  resistor  is  described  in  Section  7.2.  Large 
numbers  of  vitreous  enamelled  wire-wound  resistors  were 
also  found  to  be  open  circuited  after  storage  in  an  un- 
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heated  brick  building.  The  failure  was  caused  by 
moisture  penetrating  to  the  resistance  wire  down  minute 
cracks  in  the  glaze'*'.  Contact  EKF'a  within  the 
resistor  then  initiated  electrochemical  erosion  of  the 
wire.  The  pattern  of  crazing  was  revealed  by  an  electro¬ 
graphic  technique  using  photographic  emulsion  pressed  on 
to  the  resistor- body.  Pig. 11  shows  two  prints  obtained 
by  this  method. 


Figure  11 

Pattern  of  crazing  in  vitreous-enamelled  wire-wound  re¬ 
sistors.  Print  was  made  electrographically . 


5.  Mechanical  dama,-;e  due  to  shock  or  vibration. 

AGREE  tests  were  carried  out  on  batches  of  two 
British  communication  equipments,  one  for  use  in  Army  tanks, 
the  other  for  use  in  R. A. F .aircraft .  The  equipments  were 
repeatedly  put  through  cycles  of  rapid  temperature  change 
and  operated  periodically,  when  hot,  with  vibration. 
Components  were  replaced  as  they  failed.  E.R.A.  examined 
all  the  faulty  components  except  vacuum  tubes,  and  found 
that  most  failures  had  been  caused  by  vibration.  The 
more  interesting  examples  of  this  type  of  failure  are 
given  below. 

Several  resistors  and  small  capacitors  and  many  of 
one  type  of  RF  choke  had  broken  leads  resulting  from  in¬ 
adequate  support.  A  few  cable-forms  became  detached  for 
the  same  reason.  In  one  small  metallised  paper  capacitor, 
one  lead  was  pulled  off  by  the  vibration.  In  an  electro¬ 
lytic  capacitor  an  internal  connection  was  broken  because 
bending  stresses  were  transmitted  through  the  rubber  end 
seal. 
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A  high  proportion  of  small  silvered  mica  capacitors 
failed  by  loss  of  capacitance  or  instability  because  the 
terminal  vires  which  were  crimped  around  the  ends  of  the 
mica  stack  were  loosened  during  soldering  and  later 
detached  by  the  vibration.  Thus  there  were  three  causes 
of  failure!  the  capacitor  was  very  easily  damaged  during 
soldering;  this  weakness  was  hot  recognised  and  countered 
by  use  of  a  heat  shunt  during  assembly;  vibration  furthei 
weakened  the  terminal  connections. 

In  a  large  electrolytic  capacitor  an  open  circuit 
was  found  between  a  solder  tag  and  the  rivet  which  attach¬ 
ed  it  to  the  insulated  top  and  connected  it  internally  to 
the  capacitor  foil.  Vibration  probably  loosened  an 
already  poor  contact. 

A  trimmer  capacitor  with  air  dielectric  failed 
because  the  two  sets  of  vanes  touched.  The  stationary 
set  of  vanes  were  supported  by  a  single  pillar  which 
depended  for  stability  on  how  tightly  it  was  held  in  a 
hole  in  the  ceramic  base.  Vibration  caused  failure  in  an 
inherently  weak  component. 

A  voltage  sensitive  relay  failed  because  the  plastic 
base,  on  which  the  whole  of  the  inner  assembly  was  mounted, 
broke . 


Several  sealed  relays  caused  trouble  in  a  keying 
circuit  because  their  contacts  did  not  open  and  shut 
simultaneously.  Vibration  had  put  them  out  of  adjustment. 

A  very  high  proportion  of  vibrators  failed.  The 
fault  in  every  case  was  due  to  breakage  in  the  same  place 
of  one  or  both  of  the  leads  Joining  the  operating  coil  to 
base  pins.  The  breakage  oocurred  at  a  point  in  the  wire 
where  it  underwent  oscillatory  bending  during  vibration. 
Re-routing  the  wire  from  coil  to  pin  might  have  prevented 
this  failure. 

Several  neon  indicator  lamps  became  short  circuited 
because  the  electrodes  were  not  rigid  enough  to  withstand 
the  vibration. 


P.T.K.E.  retains  its  shape  and  excellent  electrical 
properties  even  at  a  temperature  of  250»C.  It  has  how¬ 
ever  a  low  coefficient  of  friction  and  cannot  be  relied 
upon  togrip  smooth  metal  parts  firmly  under  vibration. 
This  short-coming  led  to  the  loosening  of  the  reed  of  a 
coaxial  relay  and  the  central  members  of  several  coaxial 
plugs  and  sockets. 


6.  Mechanical  wear. 

E.R.A.’s  main  contribution  to  the  subject  of  mechan¬ 
ical  wear  in  components  has  been  the  study  of  contact 
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(2) 

erosion  in  light-duty  electromechanical  relays  .  One 
investigation  was  made  of  the  way  in  which  erosion  at 
break  is  affected  by  the  circuit  Inductance ( 3) .  Below 
about  0.2PH  the  transfer  is  from  anode  to  cathode,  and 
the  amount  is  independent  of  the  inductance.  At  higher 
inductances  the  direction  and  amount  of  transfer  depends 
on  the  type  of  discharge. 

The  volume  of  transfer  is  not  the  only  measure  of 
its  effect  on  contact  operation;  equally  important  is 
the  shape  of  the  pip  and  crater  formed  as  a  result  of  the 
transfer.  A  tall  pip  is  more  likely  to  cause, mechanical 
locking  than  a  flatter  pip  of  the  same  volune'**. 

E.R.A.  investigations  have  shown  that  pip  steepness 
increases  with  the  number  of  operations,  and  decreases 
with  the  radius  of  curvature  of  the  contact  surfaces. 

The  use  of  nearly  flat  contacts  will  therefore  delay 
failure.  Pips  formed  by  high-conductivity  metals  like 
gold  and  silver  are  steeper  than  those  formed  by  poorer 
conductors. 

By  correct  choice  of  circuit  inductance  and  contact 
material  it  is  possible  in  many  cases  to  reduce  erosion 
to  a  satisfactorily  low  rate.  E.R.A. .is  also,  however, 
investigating  more  radical  ways  of  reducing  erosion  by  the 
.use  of  special  contact  metals  and  contacts  of  dissimilar 
metals. 


7.  Instability  of  materials 

Some  materials  used  in  the  construction  of  components 
may  be  chemically  unstable  and  slowly  degrade  until  the 
characteristics  of  the  component  are  seriously  impaired 
or  even  until  failure  occurs.  Chemical  instability  is 
more  serious  at  high  temperatures  and  is  therefore  more 
likely  in  components  such  as  resistors  which  generate  heat 
during  operation, 

7 • 1 •  Thermal  instability 

An  example  of  thermal  instability  was  an  early  type 
of  metal  oxide  film  resistor  (no  longer  made)  which  was 
protected  by  an  unsuitable  lacquer  coating.  This  coating 
gradually  carbonised,  became  electrically  conductive,  and 
caused  a  reduction  of  the  resistance  value  by  shunting  the 
resistive  element.  Resistors  of  47  K0  (2  watts)  and 
ICO  K0  (1  watt)  fell  rapidly  in  resistance  after  about 
7,000  hours  on  full  load.  47  K0  (1  watt)  resistors 
endured  15,000  hours  before  the  deterioration  of  the 
varnish  affected  the  resistance.  100 0  (l  watt)  and  2000 
(2  watt)  were  unaffected  even  after  15,000  hours  on  load. 

Carbon  composition  resistors  also  degrade  thermally 
when  appreciably  loaded.  The.  resistive  element  in  this 
case  consists  of  a  roc’  or  layer  of  synthetic  resin  loaded 
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vrith  fine  carbon  particles.  During  long  continued  opera¬ 
tion  under  load,  the  resin  decomposes  at  the  high  operating 
temperature  and  shrinks,  thus  increasing  the  number  of 
contacts  between  carbon  particles  and  causing  the  resist¬ 
ance  to  fall'1'.  At  constant  voltage  a  fall  in  resist¬ 
ance  results  in  an  increase  in  current  and  eventual 
thermal  instability.  This  effect  may  become  serious 
after  10,000  hours'  operation  under  full  load  but  the 
phenomenon  is  not  an  electrochemical  one.  The  same 
effect  occurs  if  this  type  of  resistor  is  heated  excess¬ 
ively  in  an  oven  without  voltage. 

7.2.  Effects  of  moisture 


Moisture,  even  in  the  absence  of  voltage,  can 
adversely  affect  components.  In  damp  atmosphere,  carbon 
composition  resistor  elements  absorb  water,  the  synthetic 
resin  binder  swells,  and  the  resistance  value  increases. 

3n  some  cases  a  doubling  of  resistance  occurred  from  this 
cause  after  a  few  years'  storage'1}  On  the  other  hand, 
electrolytic  capacitors  which  rely  on  a  moist  conductive 
electrolyte  may  slowly  dry  out  if  operated  at  too  high 
temperature  or  maintained  in  exceptionally  dry  conditions, 
and,  as  a  consequence,  fall  in  capacitance  and  increase  in 
loss  tangent.  Some  capacitors,  fell  in  capacitance  by  more 
than  30%  in  two  years  in  a  desiccated  store  at  room 
temperature  (See  Section  3). 

7.3.  Incompatibility  of  materials 

Sometimes  materials  used  in  the  construction  of  com¬ 
ponents  are  chemically  or  physically  incompatible.  An 
example  of  chemical  incompatibility  occurred  in  a  wire- 
wound  potentiometer.  The  ceramic  former  contained  a 
number  of  cavities  in  the  surface  which  were  filled  by  the 
manufacturer  with  magnesium  oxychloride  cement.  The 
presence  of  this  material  was  revealed  by  its  alkalinity 
and  its  fluorescence  in  ultraviolet  light.  This  in  time 
corroded  the  resistance  wire  and  caused  an  open  circuit. 

In  the  manufacture  of  tin  oxide  resistors  it  is  particu¬ 
larly  important  that  the  protective  coating  is  chemically 
neutral  since  the  resistivity  of  the  film  is  changed,  at 
high  operating  temperature,  by  both  oxidising  and  reducing 
environments. 

In  the  construction  of  capacitors,  electrically 
active  impurities  short  d  not  of  course  be  present  in  the 
capacitor  unit  but  it  is  also  important  that  they  should 
be  absent  from  materials  within  the  container,  since  they 
may  slowly  diffuse  into  the  unit  and  cause  an  increase  in 
the  leakage  current  and  dielectric  loss'5*.  Initial 
tests  on  the  capacitor  may  not  reveal  their  presence. 
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8.  Migration  of  metals  in  the  presence  of  moiature. 

Silver  ia  wall  known  to  migrate  electrolytically  in 
moiature  films  on  insulating  surface*  under  d.c.  atreaa. 
Ita  uae  in  componenta  is  therefore  a  potential  hazard; 
in  reaiatora  it  can  shunt  parts  of  the  resistive  element, 
and  in capacitors  cause  a  short  circuit.  The  hazard  can 
be  reduced  by  adequate  protection  against  moiature. 

Fig. 12  shows  part  of  a  metal  film  resistor  in  which 
one  branch  of  a  dendritic  growth  of  silver  nearly  bridged 
the  spiral  groove.  It  was  not  clear  how  the  speck  of 
silver  on  the  edge  of  the  groove  originated!  it  may  have 
been  accidentally  applied  during  manufacture. 


Figure  12 

Dendritic  growth  of  silver  across 
groove  of  film  resistor 


In  the  porous  lacquer  coating  mentioned  in  Section  9 
not  only  silver  but  also  compounds  of  copper,  derived  from 
the  end  cap,  were  found  distributed  along  the  body  of  the 
resistor  and  lodging  in  the  spiral  groove.  Fig. 13  shows 
two  craters  in  the  lip  of  a  copper  end  cap  made  by  electro¬ 
chemical  attack.  In  Fig. Ik  is  shown  a  dendritic  growth 
of  a  copper  compound  derived  from  the  brass  end  cap  of 
another  resistor. 


168 


Figure  1J 

.Electrochemical  erosion  of 
xim  of  end  cap  of  film  re¬ 
sistor.  3  small  pits  are 
visible.  Cap  was  of  silver- 
plated  copper. 


Figure  l4 

Dendritic  growth  of  copper 
compound  from  brass  end  cap 
of  wire-wound  resistor, 
along  vitreous  enamel 
coating. 


One  type  of  resistor  examined  employed  a  turned 
brass  end  cap.  The  cap  had  resisted  electrochemical 
attack  even  when  uncoated  with  lacquer.  in  one  case, 
however,  the  cap  had  evidently  been  cracked  while  being 
forced  on  to  the  body  of  the  resistor.  The  metal  exposed 
in  the  crack  was  severely  attacked,  and  the  products  of 
attack  spread  down  the  body.  This  preferential  attack 
in  a  crack  has  also  been  observed  in  a  silver-plated 
copper  end  cap. 


9.  Electrolytic  corrosion  in  the  presence 
of  moisture. 


Failures  due  to  erosion  of  the  conducting  film  have 
been  studied  at  fi.R.A.  in  cracked  carbon,  tin  oxide  and 
metal  film  resistors.  The  conditions  conducive  to  this 
erosion  are 

(1)  A  relative  humidity  of  95  -  100J*. 

(2)  A  direct  potential  across  the  resistor  which  is 
small  enough  not  to  drive  moisture  off  by 
heating. 

(3)  A  porous  or  poorly  fitting  coating. 
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Warmth  or  thermal  cycling  encourages  the  effects. 

Erosion  proceeds  wherever  moisture  connects  parts  of  the 
film  which  are  at  different  potentials. 

In  cracked  carbon  films  erosion  takes  place  at  the 
anode  where  oxygen  is  released.  The  film  is  converted  to 
carbon  dioxide  and  removed.  If  a  water  droplet  connects 
the  film  on.opnosi'te  sides  of  a  groove,  erosion  can  be 
very  rapid.'11  16 ' 

In  tin  oxide  films  erosion  takas  place  at  the 
cathode  where  nascent  hydrogen  is  released  and  reduces  the 
film  to  metallic  tin.  The  tin  thus  produced  is  thinly 
deposited  and  too  poorly  attached  to  the  substrate  to  be 
an  effective  substitute  for  the  oxide  from  which  it  is 
derived.  Pig. 15  shows  a  point  of  erosion.  The  large 
light  area  is  film  and  the  large  dark  area  part  of  the 
spiral  groove.  The  dark  sesd.circular  area  is  metallic 
tin,  and  the  small  light  areas  bare  substrate,  from  which 
the  tin  was  probably  stripped  when  the  lacquer  was  removed. 


Figure  15 

Electrochemical  erosion  of  tin  oxide  film. 


In  metal  film  resistors  erosion  takes  place  at  the 
anode.  Fig.l6  shows  erosion  on  one  side  of  the  groove 
in  a  resistor  with  a  ceramic  substrate. 
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Figure  16 

Erosion  of  nickel- chromium  film  ixi  moisture  with  d.c, 
erosion  is  on  right  (anode)  aide  of  groove. 


Carbon, tin  oxide,  and  metal  film  resistors  of 
similar  value  and  wattage  from  which  the  protective  coating 
had  been  removed  were  immersed  in  distilled  water  and  a 
small  direct  potential  was  applied.  The  carbon  and  metal 
film  were  eroded  at  about  the  same  rate,  but.  the  metal 
oxide  was  eroded  at  less  them  one  hundredth  of  this  rate. 

Although  tin  oxide  is  in  itself  much  more  resistive 
to  erosion  than  carbon  or  metal  the  performance  of  all 
three  types  depends  strongly  on  the  effectiveness  of  the 
protection  against  moisture.  The  most  effective 
(though  not  perfect)  protection  for  general  purpose 
resistors  seems  to  be  a  combination  of  several  layers  of 
lacquer  and  a  rigid  outer  case. 

Open  circuiting  of  vitreous-enamelled  wire-wound 
resistors  at  the  base  of  cracks  or  pores  in  the  vitreous 
coating  during  storage  in  damp  atmosphere  has  already  been 
considered  in  Section  3»  In  this  case,  the  electrolysis 
originates  from  small  contact  EMF's.  This  erosion  pro¬ 
cess  is  greatly  accelerated  if  a  small  d.c.  voltage  is 
applied  between  the  terminations ) . 

When  a  d.c.  potential  difference  exists  between 
adjacent  windings  (e.g.,in  a  transformer)  or  between  a 
single  winding  and  a  metal  case  (e.g.,in  transformers  and 
chokes)  corrosion  of  the  wire  can  occur  in  moist  situations 
if  the  insulation  contains  harmful  hygroscopic  impurities. 
Such  impurities  may  be  present  in  the  wire  covering.*  in 
interlayer  insulation,  in  adhesive  tapes  used  in  the  com¬ 
ponent  and  in  wire  sleeving.  Spinning  lubricants  used 
with  fibrous  insulating  materials  are  a  serious  cause  of 
electrolytic  corrosion.  Tests  are  available  for  checking 
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the  liability  of  materials  to  cause  corrosion/ j? 1 j ,  and 
for  the  ionic  content  of  insulation  materials v M . 

<  10.  Electrochemical  effects  in  the  absence  of  moisture 


Electrochemical  corrosion  owing  to  moisture  .films  in 
components  such  as  thin- film  resistors,  transformers,  and 
chokes,  has  already  been  considered  in  Section  9.  Elect¬ 
rolysis  can  also  occur  under  dry  conditions  in  insulation 
if  impurities  are  present  which  dissociate  in  the  material. 
These  effects  are  mors  serious  at  high  temperatures  be¬ 
cause  of  the  increased  ionic  mobility  and  they  are 
especially  important  under  d.c.  stress. 

One  example  of  this  is  the  migration  of  sodium  ions 
under  d.c.  stress  in  ceramics  and  glass  at  high  tempera¬ 
tures.  Ceramic  or  glass  formers  for  wire-wound  resistors 
must  be  of  very  low  sodium  Gontent.  If  not,  sodium 
migrates  to  the  cathode  end  of  the  resistive  element  and 
can  cause  corrosion  of  the  wire  or  film  or  detachment  of 
the  film. 

Paper  capacitors  are  thoroughly  vacuum  dried,  im¬ 
pregnated  and  sealed  during  manufacture,  but  nevertheless 
may  fail  quickly  under  d.c.  stress  by  an  electrochemical 
process  if  impurities  are  present  which  dissociate  in  the 
dielectric.  One  class  of  impurity  which  has  serious 
effects,  especially  with  Aroclor  impregnants,  is  soldering 
fluxes  used  when  making  connections  or  sealing  capacitor 
cans.  Any  fluxes  used  should  be  removed  before  impreg¬ 
nation.  takes  place.  kosin  flux  has  been  known  to  reduce 
the  mean  life  of  capacitors  by  100  times'1®  .  The  follow¬ 
ing  evidence  confirms  the  electrochemical  nature  of 
failure  in  low- voltage  capacitors  under  long  main¬ 

tained  d.c.  stress  visible  changes  occur  which  are  depend¬ 
ent  on  polarity.  For  example,  with  some  impregnants,  a 
polymer  which  is-  fluorescent  in  ultra-violet  light,  forms 
at  the  cathode  whilst  With'alurainium  electrodes  the  anode 
becomes  oxidised.  With  metallised  paper  capacitors  the 
anode  may  be  gradually  eroded  away  (with  loss  of  capaci¬ 
tance)  whilst  the  cathode  remains  intact.  The  rapid 
decrease  of  life  with  increase  of  temperature  of  paper 
capacitors  is  consistent  with  this  deterioration  process. 

Some  nickel-chromium  film  resistors  sealed  in  a 
ceramic  case  were  found  to  have  eroded  on  full  load  (d.c.) 
at  70*C.  Erosion  had  taken  place  mainly  on  the  positive 
side  of  the  spiral  groove  on  the  resistor.  This  erosion 
was  evidently  electrochemical  in  nature,  although  water 
was  absent.  The  "electrolyte"  in  this  case  consisted  of 
rosin  in  a  viscous  organic  solvent  used  in  soldering  the 
connections. 
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Surface  failure  (Tracking) 


Surface  breakdown  of  organic  insulation,  known  as 
tracking,  can  occur  on  exposed  surfaces  between  electrodes 
maintained  at  a  potential  difference.'11'  It  can  occur 
with  less  than  200  volts  r.m.s.  In  electronic  apparatus 
it  may  occur  in  moulded  plugs  and  sockets  and  on  exposed 
terminal  boards.  It  is  initiated  by  leakage  currents  in 
surface  contamination;  sparking  in  the  surface  films 
carbonizes  the  insxilating  material  until  a  carbon  track 
grows  across  between  the  electrodes.  Phenolic  mouldings 
and  laminates,  especially  if  the  filling  or  reinforcement 
is  cellulosic,  are  particularly  susceptible  to  tracking, 
melamine  and  alkyd  materials  are  fairly  resistant,  whilst 
silicones  are  almost  immune . 

12.  Localised  arcing  initiated  by  mechanical  defects 

Open  circuits  have  been  found  in  film  resistors  at 
scratches  in  the  film  and  flaws  in  the  substrate.  In  the 
period  of  service  before  the  open  circuit  occurred  localised 
overheating  was  probably  caused  at  the  defect,  which  led 
to  degradation  of  the  film  and  eventually  to  rupture  and 
arcing.  Further  damage  was  caused  by  the  arc  itself. 

Examples  of  scratches  in  metal  oxide  resistors  are 
shown  in  Figs.  17  and  id.  In  Fig.l8  a  scratch  crossed 
the  film  track  at  three  places  and  caused  an  open  circuit 
at  one  of  them.  The  dark  material  at  the  open  circuit 
consisted  of  remnants  of  the  film  and  of  the  protective 
lacquer.  In  a  resistor  similar  to  the  one  shown  in 
Fig.lii  an  open  circuit  was  caused  at  an  existing  scratch 
by  overloading  the  resistor  while  it  was  under  observation 
through  a  microscope.  An  alternating  potential  was 
applied,  and,  after  the  open  circuit  was  created,  the  film 
was  burnt  away  at  equal  rates  on  each  side  of  the  gap. 


Figure  17  Figure  18 

Scratches  in  film  of  a  tin  Scratch  and  open  circuit  in 
oxide  resistor.  No  open  cir-  film  of  tin  oxide  resistor, 
curt  was  caused. 
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In  Fig. 19  ia  shown  another  oxide  film  resistor  with 
a  flaw  in  the  cerasd.c  substrate  causing  an  open  circuit. 
Fig. 20  shows  an  electrographic  print  of  this  resistor  made 
in  a  reagent  sensitive  to  metallic  tin.  The  dark  area 
shows  the  distribution  of  tin  near  the  flaw.  It  will  be 
seen  that  one  edge  of  the  dark  area  on  the  print  corres¬ 
ponds  closely  to  the  flaw  in  tho  ceramic,  and  that  the  film 
has  been  burnt  away  on  one  aide  only  of  the  flaw.  It  is 
thought  that  the  tin  oxide  film  was  chemically  reduced  to 
tin  by  carbon  derived  from  the  plastic  case  by  decomposi¬ 
tion  in  the  heat  of  the  arc  across  the  original  flaw. 


Figure  19.  Figure  20. 

Flaw  in  ceramic  substrate  of  Slectrographic  print  of  re¬ 
oxide  film  resistor.  sistor  in  Fig. 19,  made  with 

cacotheline,  showing  extent 
of  metallic  tin.  The  left 
edge  of  the  dark  (tin)  area 
corresponds  to  the  shape  of 
the  flaw  in  Fig.19. 


Another  example  of  a  discontinuity  in  the  thin  film 
of  a  resistor  is  shown  in  Fig. 21.  The  conducting  film  is 
here  nickel-chromium  and  the  substrate  ceramic. 
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Figure  21 

Crack  In  surface  of  natal  film  reaiator  causing 
open  circuit.  The  light  bands  at  aach  side  of 
tha  photo  are  tha  grooves. 


13.  Failure  due  to  gaseous  discharges 

If  components  operate  at  high  alternating  voltage 
(greater  than  250  V  r.a.s.)  discharges  (corona)  may  occur 
in  air  or  other  gas  included  in  the  insulation  or  in  the 
surrounding  air.  The  gaseous  ions  in  the  discharge  bom¬ 
bard  the  insulation,  form  breakdown  channels  and  event¬ 
ually  produce  complete  breakdown! *2) .  Materials  vary  in 
tiieir  resistance  to  discharges!  in  general  inorganic 
materials  are  more  resistant  than  organic  materials.  This 
mechanism  of  failure  cannot  occur  in  components  operating 
a-t  low  voltage,  and  even  at  high  voltage  it  is  slow  if  the 
applied  stress  is  unidirectional.  Discharges  not  only 
lead  to  breakdown  but  cause  electrical  disturbances. 

Oust  or  moisture  on  a  component  such  as  s  transformer  can 
reduce  clearance  distances  and  initiate  discharges. 

Absence  of  gaseous  discharges  in  electronic  com¬ 
ponents  can  ba  established, in  suitable  cases  with  the 
E .R.A.  Discharge  Detector  '*3', 

14.  Mould  growth 


Most  component  specifications  include  a  test  for 
susceptibility  to  mould  growth.  Common  moulds  are  depend¬ 
ent  for  their  growth  on  the  presence  of  moisture  and 
oxygen  and  on  tha  existence  of  a  suitable  nutrient  sub¬ 
stance  which  may  be  a  material  used  in  the  construction  of 
the  component  or  a  contaminant  such  as  grease  or  dirt. 

In  moist  air  the  thread-like  myeelia  of  moulds  are  some¬ 
what  conductive  electrically  and  may  cause  undesirable  sur¬ 
face  leakage  over  insulation.  In  addition,  the  host  mat¬ 
erial  may  be  badly  degraded  and  chemically  harmful  by¬ 
products  may  be  formed.  In  order  to  avoid  mould  growth 
the  proper  choice  of  materials  and  conditions  of  use  are 
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important. 

15.  Miscellaneous  failures  peculiar  to 
particular  componanta 

Occasionally  failures  occur  which  do  not  fall  into 
any  general  classification.  Three  examples  will  be 
mentioned. 

(i)  Some  resistors  consisting  of  a  fine  wire  winding 

coated  with  an  organic  varnish  developed  Mfiny  opep 
circuits  during  use.  This  was  found  to'  Be  dtoe-  to 
gradual  embrittlement  of  the  varnish  whicft  ycrWcked 
and  imposed  sufficient  strain  on  the  wire  to  break 
it  in  tension.  Pig. 22  shows  three  points  of  break¬ 

age,  all  under  cracks  in  the  lacquer. 


Figure  22 

Breakage  of  thin  wires  in  brittle  lacquer 
The  dark  bands  are  the  unbroken  wires 


(ii)  high-K  ceramic  capacitors,  in  which  the  electrodes 
were  fired-on  silver,  failed  at  the  edge  of  one  cf 
the  electrodes.  This  was  because  the  applied  high 
frequency  stress  was  highly  concentrated  at  the 
_  sharp  edge  and  resulted  in  local  heating,  due  to 
dielectric  loss.  Rapid  degradation  of  the  ceramic 
at  the  edge  followed. 

(iii)  In  polystyrene  film  capacitors  it  is  important  to 

avoid  any  material  containing  grease  or  oil.  This, 
if  in  contact  with  the  film  plasticises  it,  and 
causes  distortion  and  the  formation  of  holes, 
accidental  sources  of  grease  during  manufacture  have 
been  found  to  be  human  hairs  and  dandruff.  These 
must  be  scrupulously  avoided  since  one  such  inclu¬ 
sion  can  lead  to  failure. 
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Discussion 


16. 

The  authors  believe  that  high  reliability  of 
electronic  components  is  attainable  only  if  the  causes  of 
failure  are  understood  and  eliminated  in  advance  by 
correct  design  and  production  control.  A  specified 
level  of  performance  in  short  term  tests  cannot  ensure 
reliability.  It  is  essential  to  control  every  manufact¬ 
uring  process  so  that  faults  will  not  develop  during 
service. 

This  paper  attempts  to  suaunarise  all  known  failure 
mechanisms  (physical,  chemical,  electro-chemical  and 
mechanical)  which  can  affect  conventional  passive 
electronic  components.  The  conclusions  reached  are 
based  on  many  years  of  component  and  equipment  testing 
and  long  experience  of  "trouble-shooting"  in  this  field. 
Although  the  list  of  failure  processes  is  long,  failures 
are  rare  in  the  best  components,  provided  they  are 
properly  used. 

Very  recent  electronic  devices,  especially  micro- 
circuits  of  various  types,  inevitably  have  not  yet  received 
this  long  detailed  treatment  but  many  of  the  conclusions 
of  this  paper  are  of  a  basic  nature  and  are  likely  to 
apply  also  to  these  new  developments. 
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ACCELERATED  AGING  AND  FAILURE  MECHANISM  ANALYSIS 
OF  THIN  TANTALUM  FILM  R-C  NETWORKS* 
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ABSTRACT 

Accelerated  stress  testing  of  tantalum  th in-film 
resistor-capacitor  networks  was  conducted  to  establish  a 
toe  ana  of  predicting  use  level  failure  rates  and  to  datermine 
the  major  modes  of  failure  associated  with  the  networks. 
Also,  a  rigorous  study  was  made  of  the  physical  mechanisms 
of  failure. 

Accelerated  stress  tests  were  performed  simultaneously 
at  a  number  of  conditions  involving  elevated  voltage  and 
temperature  as  well  as  at  use  voltage  and  temperature  levels, 
nie  relationships  between  accelerated  stress  failure  rates 
and  actual  failure  rates  were  investigated.  The  resulting 
modes  of  failure  includes  resistance  changes  and  thermal 
runaway  for  the  resistors,  and  leakage  current  increases  and 
dielectric  breakdown  for  the  capacitors. 

Failure  mechanism  analysis  resulted  in  significant 
information  on  the  causes  of  the  observed  modes  of  failure. 
In  conjunction  with  this  study,  information  on  the  basic 
structure  of  sputtered  tantalum  and  anodically  formed  Ta2<>5 
was  acquired  throu$i  the  use  of  electron  diffraction  and 
electron  microscopy  techniques.  Plots  of  the  rata  of  inter¬ 
action  of  tantalum  resistors  with  various  gases  were  made  at 
elevated  temperatures.  In  air,  the  reaction  rate  was  found 
to  be  parabolic.  The  effect  of  substrate  ion  migration  on 
resistors  was  also  studied.  Ta20s  dielectric  conduction 
mechanism  studies  indicated  ionic  conduction.  Several 
methods  for  the  location  of  defects  in  the  Ta2<>5  capacitor 

*  The  work  reported  in  this  paper  was  supported  in  part  by 
the  United  States  Air  Force,  Rome  Air  Development  Center, 
under  Contract  No.  AF  30 (602) -3287. 
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dielectric  films  were  evaluated}  the  best  results  were 
obtained  with  a  copper  plating  technique.  A  detailed  study 
of  the  defective  regions  indicated  that  crystallization  of 
the  amorphous  Ta2<>5  is  the  principal  reason  for  localized 
defects. 

It  was  concluded  that  the  reliability  of  tantalum 
thin-film  resistors  is  very  good,  and  the  failure  mechanisms 
are  well  enough  understood  to  permit  prediction  of  resistor 
reliability  under  various  stress  conditions.  Conservatively 
rated  thin-film  capacitors  are  reasonably  reliable,  but 
represent  the  limiting  factor  in  R~C  network  reliability. 

INTRODUCTION 

The  work  described  here  was  performed  to  develop 
techniques  for  accurate  and  economical  accelerated  testing 
of  resistor-capacitor  networks  formed  from  tantalum  and 
tantalum  oxide  films,  and  for  analysis  of  the  physics  of 
failure  of  such  networks.  Accelerated  testing,  as  governed 
by  physics  of  failure  considerations,  can  be  reliable  and 
useful  only  if  one  of  the  following  conditions  exists t 

1.  A  single  or  predominant  mechanism  accounts 
for  the  greater  part  of  the  failures,  and 
this  mechanism  can  be  accelerated; 

2.  Failure  is  caused  by  more  than  one 
significant  known  mechanism,  and  sufficient 
information  regarding  reactions  rates  as  a 
function  of  stress  level  and  type  is  avail¬ 
able  to  permit  weighing  the  relative  effect 
of  each  for  various  conditions  of  stress. 

The  construction,  testing,  and  statistical  failure 
study  of  tantalum  film  R-C  networks  are  described,  as  well 
jas  the  study  of  the  physics  of  failure  mechanisms  and  their 
associated  rates.  Since  the  device  under  study  is  less  com¬ 
plex  in  structure  than  many  electronic  circuits  and  systems 
studied  with  similar  objectives  in  the  past,  it  is  probable 
that  the  work  will  yield  accelerating  techniques  that  will 
be  widely  applicable,  and  will  provide  a  basic  understanding 
of  all  the  significant  failure  mechanisms.  Early  work  on 
this  project  was  previously  reported  by  M.  Walker  in  a 
paper  on  tantalum  thin-film  circuits1. 

In  addition  to  information  on  accelerated  and  use- 
level  R-C  network  failure  distribution,  and  tantalum  resis¬ 
tor  and  capacitor  failure  models,  the  program  thus  far  has 
resulted  both  in  the  development  of  a  number  of  novel  tech¬ 
niques  useful  in  film  failure  mechanism  analysis,  and  in 
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considerable  information  in  the  area  of  basic  tantalum  and 
TajOs  structure. 

NETWORK  DESCRIPTION  AND  FABRICATION 

The  devices  tested  are  networks  consisting  of  an 
850-pf  capacitor  and  a  5000-ohm  resistor  on  the  same  oxi¬ 
dized  silicon  substrate.  The  resistor  is  U-shaped,  10  mils 
wide  and  250  mils  long.  It  consists  of  a  sputtered  tantalum 
film  with  a  thermally  grown  oxide  passivating  coating.  The 
capacitor  consists  of  a  sputtered  tantalum  lower  electrode 
and  a  dielectric  formed  by  anodizing  selected  areas  of  the 
lower  electrode.  Resistor  terminations,  conductors,  and 
capacitor  upper  electrodes  are  vacuum  deposited  aluminum. 

Hie  capacitor  and  resistor  are  connected  internally,  and 
three  external  leads  are  provided  so  that  either  component 
can  be  tested  independent  of  the  other.  The  networks  are 
sealed  in  dry  nitrogen  in  TO- 5  packages.  Figure  1  is  a 
sketch  of  the  cross  section  of  a  completed  R-C  network  and 
illustrates  the  various  film  layers  involved.  The  process 
used  to  fabricate  similar  devices  has  been  described  by 
Walker  and  Sharp2. 

Similar  networks  are  also  made  on  Corning  #7059  glass 
substrates  coated  with  500  A  of  tantalum  oxide. 

The  preliminary  tests  of  the  program  were  conducted  on 
resistors  and  capacitors  sealed  individually  in  TO- 5  pack¬ 
ages.  Their  construction  was  generally  similar  to  that  of 
the  components  of  the  R-C  networks  except  that  chromium- 
gold  terminations  and  upper  capacitor  electrodes  were  used 
instead  of  aluminum. 

ft-g  Mttagafr  Agsalaiaiafl  mtlna 

The  network  test  circuit  (Figure  2  )  was  designed  to 
maintain  a  constant  voltage  across  the  network  capacitor 
regardless  of  leakage  current  variations.  •  This  was  done 
by  means  of  a  Zener  diode  voltage  clamping  network.  This 
clamp,  however,  would  not  be  in  effect  in  the  event  of  a 
drastic  increase  in  leakage  current  as  would  occur  with 
a  capacitor  short.  The  test  circuit  was  designed  to  allow 
Initial  hourly,  and  eventual  daily,  monitoring  of  resistor 
current  and  capacitor  voltage  to  determine  the  catastrophic 
failure  time  as  accurately  as  possible.  The  devices  were 
removed  from  the  circuit  for  parameter  measurement  at  5, 

25,  125,  625  hours  and  will  be  removed  for  parameter 
measurements  every  1000  hours  thereafter  for  units  under 
the  lower  stress  conditions.  The  parameters  measured  in¬ 
cluded  capacitor  value,  dissipation  factor,  voltage  at 
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1  na  and  25°C,  current  at  15  volts  and  100°C,  and  resistance 
at  30°C.  Controls  held  at  room  temperature  and  no  stress 
were  also  measured  at  these  intervals  and  indicated  a  change 
of  approximately  ±0.06%  for  resistors  and  ±0,1%  for  capaci¬ 
tors  after  625  hours,  these  figures  represent  a  combina¬ 
tion  of  shelf  life  change  and  variations  in  measurement 
accuracy. 


THERMOCOMPRESSION 


Figure  1 

Sketch  of  cross  section  of  R-C  network  illustrating  film 

layers  involved. 

To  limit  the  amount  of  damage  caused  by  capacitor 
shorting  which  would  restrict  subsequent  analysis,  capaci¬ 
tor  current  is  limited  by  means  of  a  series  resistor,  Rle- 
this  resistor  is  varied  to  allow  a  maximum  leakage  current 
for  the  particular  test  temperature  involved.  This  is  re¬ 
quired  to  allow  for  the  higher  operating  leakage  currents 
associated  with  elevated  capacitor  temperature. 
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Network  Test  Circuit 


There  are  two  ways  to  effect  capacitor  heating.  If 
ttie  network  reels  tor  is  not  under  load,  all  of  the  heating 
la  effected  by  ambient  heating.  However,  when  the  resistor 
la  in  operation,  the  high  thermal  conductivity  of  the  sili¬ 
con  substrate  results  in  the  capacitor  being  heated  as  a 
result  of  the  resistance  heating.  The  temperature  which 
the  capacitor  reaches  as  a  function  of  power  applied  to  the 
resistor  is  determined  by  means  of  an  Infrared  thermal 
scanner,  known  as  the  Ihilco  Thermal  Plotter.  The  hotspot 
thermal  resistance  of  the  resistor  to  air  can  also  be 
determined  in  the  same  manner. 

The  accelerated  test  matrix  (Figure  3)  was  designed 
to  permit  variation  of  capacitor  voltage  stressing  from  0 
to  35  volts  and  of  capacitor  temperature  stressing  from 
25°C  to  225°C.  Resistor  power  stressing  varied  from  0  to 
1440  raw,  and  temperature  stressing  from  25*C  to  256 °C. 

Since  earlier  work  had  proven  that  film  capacitor  failure 
rates  are  considerably  higher  than  film  resistor  failure 
rates,  more  attention  was  given  to  designing  the  matrix 
to  Judicious  acceleration  of  capacitor  failure.  The 
matrix  contains  capacitor  test  conditions  which  include 
the  rated  use  level  of  15  volts  and  125  ®C  and  the  rated 
absolute  maximum  level  of  15  volts  and  175°C.  The  con¬ 
ditions  were  also  selected  to  permit  variation  of  tempera¬ 
ture  stress  while  voltage  was  held  constant  as  well  as 
variation  of  the  voltage  stress  with  constant  temperature. 
This  was  done  to  acquire  information  relating  failure  to 
stress  level. 
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Figure  3 

Accelerated  Test  Matrix 

Hue  625-hours  data  included  in  Figure  4  showed  no 
catastrophic  film  failures  at  conditions  of  0  voltages 
and  accelerated  temperature  stress  or  of  25 °C  and  accelerat¬ 
ed  voltage  stress.  A  number  of  failures  occurred  during 
conditions  when  both  stresses  were  accelerated,  with  over 
50*  film  failures  at  the  35-volt,  175 °C  condition,  and 
25*  film  failures  at  the  225°C,  15-volt  condition.  These 
were  also  a  recult  of  capacitor  dielectric  breakdown. 

The  conditions  resulting  in  the  highest  number  of  failures 
were  selected  as  the  accelerated  stress  conditions  to  be 
compared  with  the  use  and  absolute  maximum  stress  levels 
for  detexmination  of  acceleration  factors.  At  this  time, 
insufficient  failures  have  been  achieved  in  the  low  stress 
levels  to  allow  any  but  approximate  acceleration  factor 
calculations.  A  few  failures  occurred  because  the  ball 
bonds  lifted  off  the  aluminum  pads.  Examination  indicated 
the  lack  of  metal  fusion,  probably  caused  by  insufficient 
heating  at  the  time  of  bonding.  Since  only  actual  film 
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failures  are  considered  to  merit  extensive  study,  these 
factors  were  not  Included  In  the  statistical  analysis.  Ho 
actual  film  resistor  failures  occurred  under  any  of  the 
test  conditions. 
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Figure  4 

Summary  of  voltage  and  temperature  stress  results  after 
625  hours  of  testing. 

Ho  large  shifts  (>5%)  In  resistance  or  capacitance 
were  noted  at  any  of  the  test  conditions,  Therefor*  the 
shifts  were  not  included  in  the  statistical  failure  analy¬ 
sis  as  failures,  the  shift  data  was  related,  however,  to 
stress  type  and  level  and  was  used  in  the  examination  of 
minor  R-C  network  failure  mechanisms,  such  as  resistor 
oxidation  and  ion  migration.  Significant  shifts,  however, 
vere  noted  in  the  capacitor  dielectric  resistance,  parti¬ 
cularly  under  high  temperature,  0  voltage  conditions, 
where  100°c  leakage  current  increases  of  30X  to  40X  we ::e 
observed.  In  some  cases,  particularly  under  bias,  these 
shifts  were  reversed  and  often  resulted  in  net  decreases, 
these  changes  in  leakage  current  had  little  observed 
effect  on  the  first  order  capacitor  parameters  such  as 
capacitance  and  dissipation  factor,  this  shift  therefore 
was  also  studied  with  respect  to  dielectric  conduction 
mechanisms,  in  the  analysis  of  the  major  failure  mode, 
which  was  capacitor  dielectric  breakdown. 
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Failure  distribution  analysis  was  made,  through  the 
use  of  the  Weibull  distribution  function3,  of  the  capacitor 
catastrophic  failures: 

Fx  -  l  -  exp  ~fr-Y)fl  (1) 


where:  Fx  »  the  cumulative  fraction  failed  at  any  time, 

x, 

x  -  a  variable  parameter,  for  this  case,  -  t, 
(time), 

y  -  location  parameter,  usually  (0), 
a  «  scale  parameter,  and 
P  -  a  shape  parameter. 


Substituting  t  +  0  for  x  +  y,  and  differentiating  (1) 

yields 


3 (?**;-  P  „P-1 

— =  —  t  exp 
dt  a 


tp 

a  * 


(2) 


since,  from  (1),  1  -  Fx 


^j^fcL/1  -  Fx  »  ^  t^-1  «*  failure  rate. 


(3) 


The  value  of  p  therefore  is  valuable  in  defining 
failure  rate  as  a  function  of  time,  since 

P  «  1  indicates  a  constant  failure  rate, 

B  <  1  indicates  a  decreasing  failure  rate 
with  time, 

B  >  1  indicates  an  increasing  failure  rate 
with  time. 


Equation  (1)  can  be  manipulated  to  the  form 


In  In 


( - - -) 

100  -  %  Failure 


P  In  t  -  In  o 


(4) 


This  relationship  is  graphically  represented  on 
Weibull  plotting  paper  (Figure  5).  The  shape  parameter, 
p,  now  becomes  the  slope  of  the  plot.  The  fact  that  P  is 
Independent  of  time  and  therefore  results  in  a  straight  line 
Weibull  plot  is  a  good  indication  that  a  single  or  predomi¬ 
nant  mechanism  is  operative  over  the  time  examined.  Also, 
plots  resulting  in  similar  P  values.  Which  indicate  that 
their  failure  rates  are  similar  functions  of  time  (equation 
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(3)),  are  probably  derived  from  failures  caused  by  a  similar 
mechanism.  This  Is  so  because  It  Is  a  necessary  (although 
not  sufficient)  condition  that  failure  rates  resulting  from 
similar  mechanisms  are  the  same  function  of  time.  There¬ 
fore,  similar  0  values  for  both  lew  and  high  level  stress 
testing  are  an  Indication  of  a  similar  failure  mechanism 
being  operative  and  a  good  indication  of  time  failure 
acceleration. 


Figure  5 

Failure  -  Age  in  103  hrs. 

The  scale  parameter,  a,  is  the  ordinate  intercept  on 
the  Wailbull  plot  and  a  function  of  Fx  at  time,  t  •  1,  and 
it  is  also  time  independent.  The  ratio  of  the  a  values 
from  two  plots  achieved  at  an  accelerated  (a^)  and  a  use 
(02)  condition  therefore  can  be  used  to  calculate  the  ratio 
of  the  cumulative  fractions  failed  at  time,  t  ■  1,  and  thus 
is  an  acceleration  factor.  However,  there  is  some  question 
as  to  the  utility  of  such  a  factor  since,  although  it  can 
be  used  for  cumulative  failure  ratio  calculation  .in  any 
time  t  »  1  to  t  *  total  hours  of  accelerated  testing  for 
plots  having  similar  slopes  or  0  values,  the  number  of 
failures  incurred  at  the  low  stress  level  during  the  time 
of  an  accelerated  test  (<1000  hours)  will,  in  many  cases, 
be  so  small  as  to  result  in  a  law  confidence  level  for  the 
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low  stress  information,  and  tharefora  make  the  factor 
difficult  to  validate. 

A  more  useful  ratio  is  the  ratio  of  (t2>>  or  time, 
to  achieve  a  specified  cumulative  fraction  failed  at  the 
accelerated  stress  level  tc  (t1 ) ,  or  the  time  required  to' 
achieve  the  same  cumulative  fraction  failed  (Equation  (1)) 
from  1  we  get  the  fraction  surviving,  or 

FR  -  (1  -  x)  -  exp(ztfi)  ,  (5) 

CL 

or.  In  FR  - 

■*  * 

At  equal  cumulative  percent  failed  (or  equation  fraction 
surviving),  the  following  relationship  will  apply  between 
groui*  at  two  stress  conditions! 


where  3  is  the  same  for  the  two  stress  conditions, 

1/P 

t2  “2 _ 


(7) 


which  is  the  acceleration  factor  used  in  the  analysis  of  : 
test  data  acquired  in  this  program. 

Weibull  plots  of  the  capacitor  catastrophic  fail¬ 
ure  distribution  incurred  at  the  35-volt,  175  9C  condition, 
and  the  15-volt,  225°C  condition  are  shown  in  Figure  6. 

With  both  conditions  resulting  in  failure  distributions 
having  3  of  0.45  indicating  decreasing  failure  rates 
and  similar  failure  mechanisms.  The  plots  also  result  in 
an  a  value  of  95  for  the  35-volt,  175 °C  condition,  and 
122  for  the  15-volt,  225 °C  condition.  When  more  failure 
data  has  been  achieved  at  the  low  stress  levels,  the  above 
shape  and  scale  parameters  will  be  compared  with  those 
parameters  derived  from  the  lew  stress  data,  provided  the 
3  values  are  similar,  to  arrive  at  acceleration  factors. 

Figure  7  shows  the  conditions  used  to  validate  the 
derived  acceleration  factors.  This  is  done  by  testing 
larger  quantities  of  networks  than  were  tested  in  the 
initial  phase  of  the  program,  at  the  two  selected  accelerated 
stress  conditions  and  the  two  use-level  conditions.  The 
devices  are  selected  from  different  lots  than  those  used  to 
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derive  the  acceleration  factors.  It  is  therefore  con¬ 
ceivable  that  the  actual  failure  rates  will  differ  from 
those  of  the  originally  tested  devices,  due  to  uncontroll¬ 
able  process  variations.  However,  if  true  acceleration  has 
bean  achieved,  and  the  same  basic  failure  mechanism  is 
still  operative  in  the  validation  sample,  the  acceleration 
factors  derived  in  the  validation  test  should  be  similar 
to  those  derived  in  the  initial  test.  The  validation  test 
includes,  in  addition  to  larger  quantities  of  units  at  the 
four  specified  conditions,  small  sample  quantities  under 
similar  conditions  of  either  voltage  or  temperature  stress 
as  the  four  specified.  This  is  done  to  acquire  more  data 
relating  both  catastrophic  failure  and  parameter  shift  to 
stress,  as  was  done  for  the  resistor  oxidation  shown  later 
in  this  paper. 

Tantalum  Thln-Film  Resistor  Failure  Model 

There  are  two  major  modes  of  failure  in  thin-film  re¬ 
sistors  t  parameter  shift  and  catastrophic  failure,  the 
latter  including  opens  and  shorts.  Some  of  the  mechanisms 
to  which  these  modes  have  been  attributed  in  the  literature 
are: 


1 .  Oxidation 

2.  Precipitation 

3.  Evaporation 

4.  Chemical  Corrosion 

5.  Agglomeration 

6.  Internal  Stress  Relief 

7.  Thermal  Fatigue 

8.  Contamination 

9.  Mechanical  Fatigue. 


In  the  study  of  tantalum  thin-film  failure,  many  of  these 
mechanisms  can  be  excluded  because: 


1.  Precipitation  obviously  does  not  apply  in  the 
case  of  a  single  constituent  film, 

2.  Evaporation  and  chemical  corrosion  do  not 
apply  because  of  the  refractory  and  inert 
nature  of  tantalum  film, 

3.  Agglomeration  and  internal  stress  relief 
do  not  apply,  based  on  knowledge  acquired 
through  practical  experience  or  from  authori¬ 
tative  external  sources, 

4.  Thermal  and  mechanical  fatigue  do  not  apply 
because  of  the  use  of  thin  films  «2500A) . 
This  is  supported  by  program  testing. 
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The  remaining  mechanisms,  oxidation  and  contamination, 
were  found  to  apply  in  the  case  of  tantalum  film.  In  the 
course  of  the  initial  study,  more  were  uncovered  which  are 
combinations  and  extensions  of  these  two. 

The  failure  mechanises  believed  predominant  in 
tantalum  film  failure  and  studied  in  this  program  aret 

1 .  Oxidation, 

2.  Constriction, 

3.  Crystallization, 

4.  Thermal  Runaway, 

5.  Ion  Migration. 

Mechanisms  2,  3,  and  4  ultimately  involve  oxidation. 

The  primary  cause  of  tantalum  film  resistance  change, 
particularly  at  elevated  temperatures,  then,  is  oxidation. 
This  change  occurs  in  the  form  of  a  resistance  increase 
caused  by  the  formation  of  tantalum-oxygen  or  tantalum 
nitrogen  compounds  or  solid  solutions  having  much  higher 
specific  resistivities  than  the  tantalum  itself.  Measurable 
increases  in  resistance  (0.2*)  occurred  in  650  hours  at 
175°C.  A  median  0.7*  increase  occurred  in  650  hours  at 
225°C.  The  only  type  of  failure  6f  which  oxidation  would  be 
a  direct  cause  would  be  of  the  drift  variety,  there  a  device 
having  a  resistance  value  at  the  edge  of  a  specification 
might  exceed  the  specification  due  to  a  slight  resistance 
increase.  However,  almost  every  catastrophic  failure  mode 
mentioned  here  has  oxidation  as  its  indirect  cause. 

Therm*!  BuaflMBE 

Thermal  runaway  results  from  the  combination  of  two 
other  resistor  failure  mechanisms i  (1)  oxidation,  and  (2) 
constriction.  It  occurs  when  current  is  passed  through  an 
area  which  is  constricted  enough  to  cause  a  local  increase 
in  resistance,  thereby  creating  a  hot  spot,  which  results 
in  increased  local  oxidation  and  further  constriction. 

This  cycle  continues  until  the  substrate  in  the  area  of  the 
constriction  either  cracks  or  vaporizes,  causing  an  open. 
This  type  of  failure  is  highly  dependent  on  both  the  re¬ 
sistor  constriction  and  the  substrate  material,  since  they 
are  related  to  power  dissipation.  In  fact,  the  existence  of 
a  resistor  hot  spot  without  an  actual  constriction  but  due 
to  a  substrate  having  poor  thermal  conductivity  can  cause 
this  type  of  failure.  The  final  result  of  a  thermal  run¬ 
away  on  a  5  mil  wide  resistor  failure  is  shown  in  Figure  8. 
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Figure  8 

Therm*},  runaway  failure. 


The  majority  of  the  catastrophic  failures  of  resistors 
encountered  in  the  initial  test  phase  involving  individual 
resistors  were  related  to  transparent  areas  in  the  immediate 
vicinity  of  the  gold  termination.  Figures  9A  and  9B  are 
photographs  of  a  typical  instance.  Close  inspection  indi¬ 
cated  that  these  areas  resulted  from  tie  high  temperature 
stabilising  step,  which  caused  complete  opens  during  power 
aging  testing.  Talysurf  measurements  showed  the  trans¬ 
parent  areas  to  be  raised  rather  than  depressed.  Indicating 
an  additive  reaction.  Because  of  the  transparent  nature 
of  the  material,  it  was  assumed  that  there  was  a  high  rate 
of  oxidation  in  the  immediate  areas  of  the  termination, 
since  tantalum  pentcxids  is  transparent.  As  this  occurred 
mainly  during  the  high  temperature  stabilization  bake, 
when  the  entire  resistor  surface  was  at  the  same  tempera¬ 
ture,  the  preferential  oxidation  in  the  termination  area 
must  have  been  due  to  a  reduction  of  effectiveness  of  the 
protective  self-limiting  oxide  film. 

The  existence  of  impurity  nucleated  crystallization 
has  been  reported  by  Vermilyea*  and  recognized  by  many 
others  in  bulk  silicon  and  tantalum  oxides.  We  have  had 
indications  of  this  phenomenon  in  capacitor  failure  analy¬ 
sis  and  recognize  it  as  a  potential  basic  failure  mechanism. 

The  ease  with  Which  gold  diffuses  into  many  materials, 
including  tantalum,  leads  to  the  suspicion  that  the  exist¬ 
ence  of  gold  in  the  tantalum  adjacent  to  the  termination 
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could  act  as  a  nucleation  cantor  for  crystal  growth.  Sub¬ 
stitution  of  aluminum  for  tha  gold-over -chromium  termina¬ 
tions  has  eliminated  the  termination  transparent  areas  in 
the  R-C  networks. 


Figure  9 

Photomicrographs  of  resistor  affected  by crystallizationt 

(a)  resistor  termination  area,  and 

(b)  structure  of  crystallized  area. 


SkM»U.9B 

The  curve  of  resistivity  versus  time  in  air  at  ele¬ 
vated  temperature  (Figure  10)  indicates  three  areas  of 
varying  resistance  stability  (or  curve  slopes)  with  time. 
The  initial  and  final  parts  of  the  curve,  relative  to  the 
center  portion,  indicate  unstable  films.  Stability  is 
obtained  in  the  film  resistors  by: 

1.  An  initial  1-hour  stabilization  steg, 

2.  Working  with  as  thick  a  film  (>€00  A)  as 
possible. 

This  has  the  effect  of  placing  the  resistors  in  the 
central  or  most  stable  portion  of  the  curve,  minimizing  the 
slope  (a  process  control  measurement)  in  that  part  of  the 
curve. 


In  the  oxidation  study,  R-versus-time  curves  were 
plotted  at  a  number  of  different  temperatures  and  the  films 
were  studied  at  various  intervals  of  oxidation. 
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Figure  10 

Sheet  Resistivity  vs.  Time  at  420°c  in  air. 

Initial  exposure  of  the  film  to  high  temperature  in  an 
air  ambient  resulted  in  a  rapid  increase  in  resistance  and  an 
immediate  increase  in  the  negative  temperature  coefficient. 
Examination  of  the  film  at  this  point  indicated  none  of  the 
surface  interference  color  vdtich  is  associated  with  surface 
oxide  formation.  Furthermore,  Talysurf  measurement  indicat¬ 
ed  no  significant  increase  in  thicXness,  also  normally 
associated  with  surface  oxidation.  A  plot  of  the  'growth  of 
oxide  above  the  original  surface  is  given  in  Figure  11. 


Figure  11 

Growth  of  Oxide  Above  Original  Surface 
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It  is  believed  that  the  initial  increase  in  resistance 
is  caused  by  oxygen  dissolution  into  the  tantalum  and  the 
formation  of  a  tantalum-oxygen  solid  solution  having  a 
relatively  high  specific  resistivity.  The  oxygen  is  be¬ 
lieved  to  come  from  one  or  all  of  the  following  sources t 

1.  External,  resulting  in  a  process  rate 
limited  by  the  diffusion  of  02  through  the 
film, 

2.  Orain  boundary  occlusion  as  a  result  of 
the  sputtering  process, 

3.  Substrate  occlusion. 

lhe  oxygen  dissolution  theory  has  been  postulated  by 
KofstadS  and  Basseches6. 

Xn  the  second  period  of  film  oxidation,  a  con¬ 
siderable  decrease  in  the  resistance  increase  rate  is 
noted,  no  further  increase  in  negative  TCB  is  indicated, 
a  surface  interference  color  begins  to  form,  and  thick¬ 
ness  increases  have  been  measured.  Xn  this  area  the  tanta¬ 
lum  oxidation  rate  is  limited  by  the  formation  of  a  dense 
surface  oxide  layer,  «Aiich  in  turn  limits  oxygen  diffusion 
and  results  in  a  self-reduction  of  growth  rate.  Since  the 
oxide  is  a  nonconductor,  oxide  growth  results  in  a  calcu- 
able  increase  in  resistance,  given  by 


AH 


w(T0  - 


(8) 


where  Rq  »  initial  resistance, 

1  =  line  length, 
w  -  line  width, 

fi  «  specific  resistivity  of  the  Ta  film, 

Ta  =  initial  film,  and 

Taxide  *  thickness  of  Ta  converted  to  surface  oxide. 

This  equation  approaches  infinity  as  the  thickness  of 
the  tantalum  converted  to  oxide  approaches  the  initial 
thickness.  For  this  reason,  the  inherent  stability  of  a 
stabilized  film  is  a  function  of  the  initial  film  thick¬ 
ness.  This  also  explains  the  increased  slope  encountered  at 
the  end  of  the  resistance-versus-time  curves. 


Similar  experiments  were  conducted  to  observe  surface 
reaction  effects  in  various  other  media,  namely  dry  oxygen, 
dry  nitrogen,  and  vacuum.  The  activation  energy  obtained 
from  Arrhenius  plots  was  similar  in  each  case  -  running 
between  30,000  and  35,000  calories  per  gram  mole.  The 
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reaction  rate  was  0.4  to  0,5  as  great  in  nitrogen  as  in 
oxygen  or  in  air  (Figure  12). 


-RATE  Of  CHANGE  OF  CONDUCTANCE  %/MINUTE 


Plots  of  reaction  rate  of  tantalum  in  dry  02  and  in  dry  Nj. 

fittalfliflnsfi  flanaa  to  an  I9fl-^g.rasipn._iachftnigin 

Typically,  a  gradual  increase  in  resistance  is  ob¬ 
served  on  tantalum  thin-film  resistors  When  these  resistors 
are  life-stre ised  by  temperature,  power,  or  a  combination  of 
the  two.  This  increase  in  resistance  is  generally  attri¬ 
buted  to  oxidation.  However,  it  was  also  observed  during 
the  RADC  accelerated  stress  tests  on  resistors  that,  in 
certain  cases,  a  negative  change  in  resistance  occurs. 
U-shaped  resistors  on  oxidized  silicon  substrates  on  power 
stress  showed  initial  declines  in  resistance,  followed  by 
the  expected  increase.  KiS' decreases  were  more  rapid  and 
ended  sooner  at  the  higher  power  stress.  The  maximum  de¬ 
cline  was  about  2%  regardless  of  the  magnitude  of  the  stress. 
It  was  proposed  that  this  effect  could  be  explained  by  an 
ion  migration  mechanism  whereby  mobile  ions  from  regions  on 
the  substrate  surface  adjacent  to  the  resistors  are  caused 
to  migrate  and  accumulate  along  the  resistor  length  under 
the  influence  of  an  applied  electric  field. 

To  study  this  ion  migration  phenomenon  proposed  as  a 
failure  mechanism  in  resistors,  a  pattern  of  adjacent, 
parallel  resistors  having  various  spaclngs  was  used  as  a 
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vehicle.  The  ion  migration  experiments  involved  applying 
a  d-c  potential  between  adjacent  resistors  and  comparing 
the  resistance  values  of  these  resistors  before  and  after 
the  application  of  the  electric  field. 

Two  phenomena  which  might  be  expected  as  the  ultimate 
result  of  ion  migration  ares 

1.  An  increase  in  the  resistance  of  the  re¬ 
sistor  biased  positively,  and 

2.  A  decrease  in  the  resistance  of  the  resistor 
biased  negatively. 

Figure  13  represents  the  layout  of  the  resistors  in 
the  test  vehicle.  Individual  resistors  were  used  as  con¬ 
trols  so  that  orginary  oxidation  effects  produced  by  am¬ 
bient  temperature  could  be  taken  into  account  when  analyz¬ 
ing  the  resistance  change  of  the  biased  resistors. 


.002*  SPACING  BETWEEN 
PARALLEL  RESISTORS 


Figure  13 

Ion  Migration  Test  Pattern 

In  preliminary  experiments,  a  65-hour  application  of 
215  volts  at  25 °C  between  Ta  resistors  2  mils  apart  result¬ 
ed  in  a  3%  increase  in  resistance  of  the  resistor  which  was 
biased  positively.  The  negatively  biased  adjacent  resistor, 
and  control  resistors  on  the  same  chip  which  were  not  biased, 
remained  essentially  unchanged.  The  experiment  was  perform¬ 
ed  in  room  air  (50%  relative  humidity) .  Microscopic  examina¬ 
tion  of  the  biased  resistor  pair  indicated  the  side  of  the 
positively  biased  resistor  facing  the  adjacent  resistor  be¬ 
came  discolored.  It  was  concluded  that  migration  of  ions, 
presumably  arising  as  a  result  of  absorbed  moisture  on  the 
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surface  or  by  transfer  of  oxygen  ions,  from  the  Ta2G5 
covered  glass,  to  the  metal  film,  produced  an  anodization 
process  along  the  inside  edge  of  the  positively  biased 
resistor,  resulting  in  the  observed  resistance  increase. 

Experiments  at  280 °C  with  215  volts  applied  for 
24  hours  between  resistors  separated  by  0.5  mil  have  re¬ 
sulted  in  decreases  in  the  resistance' of  the  negatively 
biased  resistor  relative  to  the  adjacent  positively  biased 
resistor,  or  to  unbiased  resistors  on  the  same  chip. 

the  possibility  of  the  observed  resistance  decreases 
being  due  to  annealing  effects  was  ruled  out  by  the  controls, 
which  are  unbiased  resistors  on  the  same  chip.  Thus  it 
appears  that  cation  migration  can  reduce  resistance  values 
of  resistors. 

The  following  data  Support  the  logical  assumption 
that  accumulated  ions  can  be  redistributed  by  reversing 
the  polarity  of  the  applied  field.  Two  sealed  R-C  net¬ 
works,  which  were  part  of  a  group  of  devices  subjected  to 
an  RADC  acceleration  power  stress  test  (85  V,  1440  mw) , 
were  evaluated  for  ion  migration.  These  units  had  shown 
a  negative  change  in  resistance  of  after  five  hours, 

and  then  a  gradual  increase  in  resistance  approaching 
their  initial  values.  The  same  bias  of  85  volts  Which 
the  units  had  undergone  during  accelerated  stressing  was 
applied,  but  in  the  reverse  direction.  After  one  hour, 
the  resistances  were  measured  and  the  field  was  again 
reversed.  The  results  are  shown  below. 


Initial  Reading 
Polarity  Reversed 

1  hour  at  85  V 
Change 

Polarity  Reversed 

1  Hour  at  85  V 
Change 

A  significant  negative  change  in  resistance  was  ob¬ 
served  in  one  hour.  lhese  resistors  are  U-shaped  and  the 
adjacent  parallel  portions  of  the  resistor  are  10  mils 
apart.  Applying  a  potential  of  85  volts  produces  an 
electric  field  of  8.5  V/mil  between  the  resistor  legs 
near  the  tem Inals,  and  lower  fields  near  the  middle  of 
the  resistor. 
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Experiments  were  also  performed,  using  autoradio¬ 
graphic  techniques  with  radioactive  sodium,  to  demonstrate 
that  sodium  ion  migration,  particularly  on  surfaces  of 
"alkali-free"  glass,  is  a  significant  factor  which  limits 
the  stability  of  resistors.  These  experiments  clearly 
demonstrated  that  sodium  ionB,  when  present  on  the  surface 
of  the  Corning  #7059  glass  of  R-C  networks,  migrate  in  an 
electric  field. 

Work  dealing  with  the  autoradiographic  technique 
employed  to  show  the  ion  migration  phenomenon  was  done  by 
Dr.  S.  S.  Choi7  of  the  Ford  Scientific  Laboratory,  Blue 
Bell,  Pennsylvania. 

Capacitor  Thermal  Runaway 

Capacitors  fabricated  on  either  oxidized  silicon 
substrates  or  Ta205  coated  glass  substrates  showed  a 
high  incidence  of  dielectric  failures  and  catastrophic 
increases  in  leakage  current  on  elevated  temperature 
plus  bias  stressing.  The  failure  mode  is  characterized 
by  current  runaway.  Once  a  high  localized  current  starts, 
the  Ta2Os  dielectric  in  the  path  of  the  current  is  heated, 
lowering  the  resistance  of  the  dielectric  and  causing  current 
to  increase  further  until  a  failure  occurs.  A  tantalum 
thin- film  capacitor  with  low  resistance  in  series  with  it 
that  exhibits  this  type  of  failure  usually  ends  as  an 
open  as  sufficient  current  passes  through  the  capacitor  to 
burn  open  some  part  of  the  tantalum  under  the  anodized  di¬ 
electric.  A  higher  resistance  in  series  with  the  capaci¬ 
tor  prevents  the  lower  electrode  from  opening  and  so  leaves 
the  final  failure  a  shorted  dielectric. 

Any  contributory  factor  which  produces  a  temporary  or 
permanent  weak  point  in  the  capacitor  dielectric  can  initi¬ 
ate  a  thermal  runaway  type  of  failure.  It  is  felt  that 
this  failure  mode  is  caused  by  localized  impurity  nucleated 
crystallization  of  the  dielectric  during  anodization. 
Application  of  high  fields  and  temperature  accelerate  the 
nucleation  and  the  growth  of  the  already  nucleated  crystals. 

Dielectric  Degradation  bv  Ionic  Conduction 

Capacitors  showed  large  increases  in  leakage  current 
after  stressing.  On  zero  bias  stressing  in  the  temperature 
range  of  125°C  to  250eC,  the  median  value  of  leakage 
current  increased  40  times  over  its  initial  value.  The 
leakage  current  eventually  leveled  off,  with  the  leveling 
off  occurring  earlier  for  high  temperature  conditions.  A 
bias  voltage  on  the  capacitor  inhibited  the  leakage  current 
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increase.  The  current  decreased  if  voltage  was  high  enough. 
Approximately  15  volts  bias  inhibited  leakage  current  change 
at  125 °C.  Approximately  25  volts  bias  inhibited  leakage 
current  change  at  175°C. 

To  illustrate  these  changes,  a  group  of  tantalum 
thin-film  capacitors  were  baked  for  one  hour  at  tempera¬ 
tures  of  151aC,  175°C,  207 °C,  227°C,  and  270°C.  Leakage 
current  was  read  as  a  function  of  applied  voltage  before 
the  series  of  bakes,  and  then  after  cooling  to  room  tem¬ 
perature  subsequent  to  each  bake.  The  resulting  data  were 
converted  into  plots  of  logarithm  of  leakage  current  versus 
reciprocal  temperature  to  estimate  activation  energy  for 
the  mechanism  causing  degradation  of  leakage  current. 

The  construction  of  the  capacitors  was  exactly  that 
used  for  the  R-C  networks,  except  that  tin  solder  was  used 
in  header  bonding  instead  of  gold-tin  eutectic,  and  the 
200 °C  pre-sealing  bake  and  post-seal  leak  test  were 
eliminated  to  diminish  exposure  to  elevated  temperatures 
before  the  test. 

Arrhenius  plots  were  used  to  estimate  the  activation 
energy  for  the  mechanisms  causing  changes  in  room  tempera¬ 
ture  leakage  current.  The  estimation  of  activation  energy 
was  complicated  by  the  fact  that  room  temperature  leakage 
current  does  not  increase  indefinitely  with  baking  tempera¬ 
ture,  but  reaches  a  peak  at  some  baking  temperature  and 
then  proceeds  to  decline.  Two  straight  line  segments 
were  estimated  from  the  leakage  current  data,  and  activa¬ 
tion  energies  for  both  the  mechanism  causing  increased 
leakage  current  and  the  mechanism  causing  decreasing  leak¬ 
age  current  were  estimated.  The  precision  of  the  estimates 
of  the  slope  of  the  log  I  versus  1/T  plots  was  poor, 
especially  at  the  high  temperatures  where  leakage  current 
declined. 

The  estimated  temperature  at  which  leakage  current 
reached  a  peak  after  one  hour  of  baking  varied  between 
192 °C  and  211 °C.  Leakage  current  increased  with  one-hour 
bakes  at  increased  temperatures  below  the  192 °C  to  211 °C 
range,  and  decreased  with  one-hour  bakes  at  increasing 
temperatures  above  this  range.  Shorter  baking  times  pre¬ 
sumably  would  increase  the  temperature  at  which  the  current 
peaks,  and  longer  baking  times  presumably  would  lower  it. 
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The  activation  energy  for  the  mechanism  causing 
increasing  leakage  current  was'  calculated  as  22,000 
caloriss/mole  from  the  average  of  twelve  Arrehenius  plots. 

The  calculated  values  ranged  from  15,000  to  28,000 
calories/mole . 

The  calculated  activation  energy  for  the  mechanism 
causing  decreasing  leakage  current  varied  from  7,000  to 
17,000  calories/mole .  The  average  value  obtained  was 
11,500  calories/mole.  Activation  energies  for  the  leakage 
current  appear  slightly  higher  at  lower  voltages. 

Measurements  of  at  least  four  capacitors  which  had 
previously  been  subjected  to  temperature  and  bias  stress¬ 
ing  indicate  the  existence  of  at  least  two  separate 
portions  in  the  log  I  versus  V  curve.  When  I  was  plotted 
versus  V,a  straight  line,  which  extrapolated  to  the  origin, 
was  obtained  between  0.5  volt  and  2  to  10  volts,  depending 
on  the  particular  capacitor  measured,  as  illustrated  in 
Figure  14.  Thus  leakage  was  ohmic  in  the  low  voltage 
region.  The  slopes  of  the  lines  at  low  voltage  are  inter¬ 
preted  as  representing  resistance,  at  various  temperatures, 
due  to  ionic  conduction.  A  plot  of  log  of  R  versus  re¬ 
ciprocal  of  absolute  temperature  was  approximately  linear 
indicating  that  the  Arrhenius  equation  is  obeyed  (rigure  15) . 
The  slope  indicates  an  activation  energy  of  17  kcal/mole, 
vdiich  is  interpreted  as  thq  activation  energy  for  ionic 
conduction  in  the  Ta205  dielectric. 


Figure  14 

Plots  of  leakage  current  vs.  applied  voltage  and  temperature. 
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Figure  15 

Plot  of  log  of  R  versus  reciprocal  of  absolute  temperature. 


A  series  of  recorder  plots  have  been  made  of 
capacitor  leakage  versus  time  unde-r^ various  bias  conditions 
at  218 °C.  Figure  16  graphically  shows  the  change  in  anodic' 
leakage  current  with  time. 


In  another  test,  the  10-volt  bias  was  applied  in  the 
reverse  direction  at  218 °C.  After  the  current  had  fallen  to 
about  20%  of  its  original  value  and  the  polarity  was  reversed, 
the  leakage  current  measured  0.1  ma.  In  12  minutes  the  leak¬ 
age  current  gradually  increased  to  a  peak  of  about  2  ma.  In 
an  additional  4  minutes,  the  leakage  current  fell  to  about 
1.2  ma . 


The  above  changes  in  leakage  current  with  time  are 
considered  typical  of  what  could  be  expected  as  a  result 
of  ion  migration  in  the  Ta205.  llje  observation  that  anode 
leakage  current  increased  dramatically  both  on  temperature 
and  temperature-plus-voltage  stressing  was  made  earlier  in 
this  section.  Analysis  of  the  stress  data  has  also  shown 
that  at  various  stress  levels,  a  small  but  detectable 
increase  in  capacitance  was  seen  on  groups  stressed  at 
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125  C,  35  V,  and  225°C,  15  V.  This  kind  of  change  in 
capacitors  has  been  discussed  by  Varmilyea8  and  Smyth9.  The 
changes  are  caused  by  oxygen  diffusion  from  the  Ta20s  layer 
into  the  tantalum  lower  electrode.  A  thin  layer  of  .the 
Ta2®5  at  the  tantalum  interface  becomes  so  depleted  of 
oxygen  that  it  is  iri  effect  a  semiconductor  instead  of  an 
insulator,  causing  the  effective  dielectric  thickness  to 
decrease.  As  a  consequence,  an  increase  in  capacitance 
results . 


Figure  16 

Change  in  anodic  l^aka^e  current  with  time 

Location  and  Identification  of  Dielectric  High  Current 
Density  Areas 

Efforts  have  been  made  to  develop  and  evaluate  means 
for  detecting  defects  in  anodic  Ta205  films .  When  devices 
have  failed  during  accelerated  life  tests,  the  defective 
regions  must  be  precisely  located  to  permit  detailed 
examination,  as  under  the  high  magnification  of  an  elec¬ 
tron  microscope. 

Several  techniques  were  tried  in  attempts  to  locate 
the  defective  regions  of  shorted  or  near-shorted  thin-film 
capacitors.  Using  a  Thermal  Plotter  and  a  0.3  mil 
resolution  lens,  successive  scans  were  made  across  the 
upper  electrodes  of  biased  capacitors.  No  hot  spots  were 
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detected  on  any  of  the  six  shorted  devices  scanned.  It 
is  believed  that  if  any  hot  spots  exist,  they  are  too 
small,  relative  to  the  field  of  view,  to  be  detected. 

However,  defects  in  these  same  units  were  subse¬ 
quently  located  by  a  copper  plating  technique,  this 
technique  consists  of  the  following  steps *  The  tantalum 
metal  is  made  cathodic  in  an  electrolytic  cell.  An 
acidic  aqueous  cupric  sulfate  solution  is  used.  Several 
volts  are  applied  to  the  cell  between  the  anodized 
tantalum  sample  and  a  relatively  large  platinum  cathode. 
The  current  passed  is  less  than  S  mA  with  a  typical 
capacitor  structure. 

Ihe  copper  plating  technique  is  particularly  useful 
because  it  is  very  sensitive  and  provides  a  permanent 
visual  indication  of  the  location  of  current-carrying 
defects  in  the  Ta2<>5.  On  extended  plating,  the  defect 
areas  become  covered  with  more  or  less  hemispherical 
particles  of  copper,  the  diameter  of  which  is  an  indica¬ 
tion  of  the  magnitude  of  the  current  flowing  through  the 
particular  defect.  Ihe  use  of  copper  plating  to  show 
damaged  regions  on  a  dielectric  was  discussed  by  Fresia, 
et  al10.  The  novel  feature  of  our  application  of  copper 
plating  is  to  use  the  electroplated  dot  aB  a  mask  during 
subsequent  chemical  etching  so  as  to  produce  an  identifi¬ 
able  region  after  the  copper  is  removed. 

This  sequence  of  steps  produces  a  capacitor  struc¬ 
ture  in  which  the  defects  are  clearly  delineated,  with 
each  defect  being  located  in  the  center  of  a  plateau  of 
thicker  Ta20s. 

The  delineation  of  defects  in  anodic  TajOj  films 
by  anodic  plating  was  compared  with  that  revealed  by 
copper  plating  (cathodic) .  It  was  concluded  that  the 
copper  plating  technique  offered  considerably  greater 
sensitivity  than  anodic  plating  methods  which  used 
solutions  containing  Pb-H-  of  Mn++  to  deposit  Pb02  or 
Mn02  at  the  anode.  A  major  problem  with  anodic  plating 
is  an  apparent  tendency  fOr  the  defective  regions  in  the 
Ta205  film  to  anodize,  with  the  result  that  the  total 
anodic  current  drops  with  time  after  application  of 
potential.  By  contrast,  the  cathodic  copper  plating 
process  can  be  carried  out  over  a  long  period  of  time 
without  any  decrease  in  magnitude  of  the  cathodic  current, 
thus  enabling  readily  visible  copper  dots  to  be  obtained 
and  enhancing  defect  detection. 
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The  technique  of  encircling  defective  regions  by 
using  the  copper  electroplated  dot  as  a  mask  and  etching 
with  an  acidic  fluoride  solution  to  dissolve  unmasked 
Ta2<>5  has  permitted  a  more  detailed  study  of  the  defects 
in  the  capacitor  dielectric.  Devices  which  were  weed-out 
failures  because  of  high  leakage,  but  were  not  shorts, 
were  used  for  these  studies. 

Upon  removal  of  the  copper  mask  from  the  marked 
area,  the  sample  waB  re-etched  in  a  solution  of  30  ml 
of  hydrofluoric  acid  (49%  HF  by  weight)  and  70  ml  of 
water  for  five  to  ten  minutes A  crystalline  Ta2<>s 
hexagonal  structure  appeared  within  the  originally 
marked  area.  This  structure  was  distinguishable  because 
the  dissolution  rate  of  crystalline  is  lower  than 

that  of  amorphous  TajOs  in  the  same  solution.  Figure  17 
shows  a  localised  defect  in  the  capacitor  dielectric 
before  and  after  etching. 


Figure  17 

Localized  Crystallization  of  Dielectric  in  Capacitor  Failure 

(a)  before  chemical  etching,  and 

(b)  after  chemical  etching. 


A  schematic 
and  investigate 
shown  in  Figure 


of  the  processing  steps  used  to  isolate 
defects  in  the  capacitor  dielectric  is 
18. 
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Figure  18 


Procedure  for  isolating  and  investigating  capacitor  di¬ 
electric  effects. 

Tantalum.  Tantalum  Oxide  Crystallographic  Studies 

Crystallographic  studies  performed  by  Holloway  and 
Schlacter11  produced  some  interesting  information  about 
the  structure  of  sputtered  tantalum  films.  Hie  purpose 
of  this  study  was  to  determine  the  compositional  structure 
of  the  tantalum  metal  electrode  used  in  the  R-C  networks. 
This  was  necessary  to  establish  a  norm  for  comparison 
with  Ta  layers  in  devices  which  fail.  A  further  aim  was 
to  establish  the  structural  consequences  6f/'dhanges  in 
sputtering  conditions. 

Tantalum  was  sputtered  onto  carbonized  microscope 
grids  to  a  thickness  of  300  A  at  four  voltages:  1000  V, 
1450  V,  2300  V,  and  3500  V. 

High  magnification  transmission  micrographs  of  the 
samples  were  taken. 


206 


Initial  results  indicated  a  relation  between  sputter¬ 
ing  voltage  and  grain  size,  and  indicated  voids,  which  had 
been  suspected  because  sputtered  Ta  films  were  appreciably 
less  dense  than  bulk  Ta.  (Rie  geometry  of  the  Ta  grains 
and  of  the  voids  may  explain  the  variation  of  electrical 
conductivity  of  films  with  sputtering  conditions^.  Figure 
19  shows  several  transmission  micrographs'  of  tantalum  films 
deposited  at  various  cathode  sputtering  voltages. 


Figure  19 

Transmission  Electron  Micrographs 


It  is  concluded  that  the  reliability  of  tantalum 
thin-film  resistors  is  very  gpod  and  the  failure  mechanisms 
are  sufficiently  well  understood  to  permit  predictions  of 
resistor  reliability  under  various  stress  conditions.  The 
major  failure  mode  for  tantalum  film  R-C  networks  has  been 
shown  to  be  capacitor  dielectric  breakdown.  Statistical 
analysis  of  failures  due  to  this  mode  indicates  a  failure 
rate  which  is  a  single  function  of  time  over  the  time 
examined,  which  is,  in  turn,  indicative  of  a  single  or 
predominant  basic  failure  mechanism. 

The  development  of  a  unique  technique  for  dielectric 
defect  location  has  resulted  in  relating  high-current¬ 
carrying  dielectric  areas  to  Ta205  crystallization. 
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A  study  of  the  minor  failure  modes  has  resulted  in 
defining  tantalum  oxidation  as  the  basic  mechanism  for 
eventual  resistor  catastrophic  failure.  The  similarity  of 
calculated  activation  energies  for  reaction  in  air,  oxygen, 
and  nitrogen  indicates  a  basic  rate-limiting  mechanism  - 
probably  diffusion. 

Parameter  shifts  in  both  resistors  and  capacitors 
were  traced  to  ionic  conduction  from  ionic  contamination 
probably  introduced  during  processing. 

The  study  indicates  a  high  degree  of  reliability  for 
the  aluminum  terminated  tantalum  film  resistor  and  that 
the  R-C  network  reliability  limitations  are  keyed  to  the 
capacitors.  The  major  capacitor  problem  was  found  to  be 
strikingly  similar  to  that  reported  for  discrete  capacitors^. 
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ABSTRACT 

The  Electronic  Component  Reliability  Center  at 
Battelle  Memorial  Institute  is  involved  in  a  continuing 
study  of  physical  mechanisms  and  processes  in  electronic 
parts  pertinent  to  device  reliability.  In  a  study  of 
avalanche  breakdown  in  diffused  silicon  p-n  Junctions,  an 
exponential  decrease  with  time  has  been  observed  in  the 
onset  voltage  for  microplasma  conduction.  The  time  constant 
of  this  decrease  is  inversely  proportional  to  the  ratio  of 
average  on-  to  off-time  of  the  microplasma  pulses,  and  the 
magnitude  is  temperature  dependent,  peaking  at  approximately 
260°  K.  The  theory  is  advanced  that,  during  the  avalanche 
pulse,  the  acquisition  rate  of  electrons  by  ionized  donor 
impurities  is  increased,  decreasing  the  ionized  donor  con¬ 
centration,  thus  changing  the  field  intensity  and  hence  the 
breakdown  voltage.  In  effect,  compensating  donor  sites  tend 
to  fill  during  the  microplasma  pulses  and  empty  in  the  inter¬ 
vals  between  pulses.  Thus,  ANp(t)  -  r^T  _  r  t  f,,  where 
rf  and  re  are  the  filling  and  emptying* races,  respectively, 
and  and  Tnff  are  the  relative  average  on-  and  off-times 
of  the  microplasma  pulses. 

At  temperatures  where  the  Fermi  level  is  several  kT 
from  the  energy  level  of  the  trapping  sites,  the  occupation 
index  of  the  traps  is  relatively  unaffected  by  injected 
carrier  density.  However,  where  Ea  is  within  a  few  kT  of 
Em,  the  occupation  density  of  the  traps  is  a  strong  function 
or  the  injected  carrier  density.  An  increase  in  the  magni¬ 
tude  of  the  transient  voltage  effect  of  a  factor  of  10  is 
observed  as  the  Fermi  level  is  made  to  approach  0.24  eV 
above  the  valence  band — the  energy  level  associated  with 
copper  donor  atoms.  This  effect  may  be  accounted  for  by  a 
decrease  in  the  concentration  of  ionized  copper  of  the  order 
of  10™  cm~3. 
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INTRODUCTION 


One  of  the  objectives  of  the  ECRC  Reliability  physics 
Research  program' 1)  is  to  develop  techniques  for  obtaining 
from  terminal  measurements  on  electronic  partB  information 
on  the  physical  processes  and  properties  upon  which  the 
useful  life  of  the  parts  may  depend.  Specific  to  this 
objective,  a  Btudy  of  microplasma  conduction  in  reverse- 
biased  silicon  rectifiers  has  been  carried  out.  At  the 
onset  of  microplasma  conduction,  the  avalanche  current  is 
intermittent,  and  particular  attention  has  been  focused  on  a 
study  of  the  physical  properties ' which  influence  the  turn-on 
and  turn-off  mechanisms  of  the  microplasma.  Devices  used  in 
this  study  were  commercial  medium-power,  controlled-avalanche 
rectifiers  with  breakdown  voltages  between  ?50  and  1000  volts. 

CALCULATED  BREAKDOWN  VOLTAGE 


The  usual  expression  for  the  breakdown  voltage  of  a 
step  junction(2)  is: 


V 

B 


(i) 


where  «p  *  dielectric  permittivity  of  vacuum, 
k  -  dielectric  ratio, 
q  -  electron  charge, 

nn*  Pp  “  majority  carrier  concentrations  on 
either  side  of  the  p-n  junction, 

Eg  *  critical  field. 

Th$  value  of  the  critical  field  is  given  as 
4.4  x  10^  volts/cml3).  However,  the  notion  of  critical 
field  is  only  an  approximation,  and  the  value  of  the  field 
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Corporation,  International  Telephone  and  Telegraph 
Corporation,  Lockheed  Aircraft  Corporation,  National 
Aeronautics  and  Space  Administration,  U.  S.  Air  Force 
(Rome  Air  Development  Center),  U.  S.  Army  (Electronics 
Command),  U.  S.  Navy  (Bureau  of  Weapons),  and  Westing- 
house  Electric  Corporation. 

(2)  R.  H.  Ryder,  Transistor  Technology.  Vol.  1,  Edited  by 
H.  E.  Bridgers,  J.  E.  Scarf,  and  J.  N.  Shive,  D.  Van 
Nostrand  Company,  New  York,  202  (1958). 

(3)  A.  Goetzberger,  B.  McDonald,  B.  H.  Haitz,  and  R.  M. 
Scarlett,  ■Avalanche  Effects  in  Silicon  p-n  Junction. 
II.  Structurally  Perfect  Junctions",  J.  Appl.  Phys., 

24,  1591-1600  (June,  1963). 
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at  which  an  ionizing  current  may  be  sustained  may  depend 
somewhat  on  the  values  of  and  pp,  in  our  rectifiers 
%»  pfi..and  the  average  value  of*pD  (see  Figure  7)  in 
2.3  x  lu14  cm~3.  Thus,  the  calculated  value  of  V3  is 
2000  volts.  The  observed  value,  however,  is  7^9  volts, 
suggesting  that  breakdown  is  occurring  through  a  localized 
region  where  Pp  has  been  increased  by' about  a  factor  of  3. 


Since  the  ma&K'l&y  carrier  concentration  is  the  dif¬ 
ference  between  th6^Va#ized  n-type  and  p-type  impurity  con¬ 
centrations,  Equation^  1)  may  be  expressed  as 


V 

B 


6.25  x  IQ 


17 


na  • 


D 


(2) 


Of  practical  Interest  is  the  fact  that  the  breakdown  voltage 
can  be  influenced  by  compensating  impurities  or  defects 
which  may  have  sufficiently  high  diffusion  rates  to  consti- 
.  tute  reliability  hazards. 

TRANSIENT  VOLTAGE  EFFECT 

Consider  an  n+-  p  junction  containing  compensating 
donor  sites  with  a  reverse  bias  insufficient  to  sustain  an 
,  avalanche  current.  The  current  in  the  space-charge  region 
will  be  comprised  principally  of  carriers  generated  within 
the  space-charge  region.  Because  of  the  high  field,  the 
generated  carriers  will  be  quickly  swept  out,  and  their 
probability  of  becoming  trapped  in  the  depletion  layer  is 
very  low. 

Consider  now  the  junction  in  the  avalanche  mode. 

Because  of  the  very  high  current  density,  appreciable  numbers 
of  carriers  may  be  trapped  at  the  donor  sites  although  the 
trapping  probability  is  low.  However,  the  degree  of  trapping 
is  strongly  temperature  dependent,  as  will  be  discussed 
later.  Thus,  the  value  of  N»  -  ND  will  tend  to  be  higher 
under  the  high  current  condition  of  avalanche  conduction. 
Contrarywise  in  a  p+-  n  junction  in  the  avalanche  mode, 
compensating  acceptors  in  the  space-charge  region  in  the 
n-type  base  will  tend  to  capture  electrons  and  become  nega¬ 
tively  ionized,  decreasing  the  value  of  Np  -  NA. 

At  the  onset  of  breakdown,  the  avalanche  current  is 
intermittent.  Thus,  the  net  ionized  impurity  concentration 
tends  to  oscillate  between  the  pre-  and  postbreakdown 
equilibrium  values.  If  the  average  pulse  length  and  repeti¬ 
tion  rate  are  short  with  respect  to  the  time  constants  for 
the  filling  and  emptying  of  traps,  the  concentration  of 
ionized  compensating  impurities  will  depend  on  the  relative 
on-times,  Ton»  and  off -times,  Tpff,  of  the  microplasma 
pulses.  Thus,  in  an  n  -  p  junction  in  the  avalanche  mode. 
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(3) 


(t)  “  Von  -  reToff * 

where  i‘r  and  r  ere  the  filling  and  emptying  rates,  respec¬ 
tively.  Fnr  the  case  of  a  model  containing  a  single  trap 
level,  the  transition  from  the  prebreakdown  occupation  den¬ 
sity  to  the  postbreakdown  occupation  density  of  trapped 
carriers  is  eaqpected  to  be  an  exponential  process.  Haitz 
has  shown  this  to  be  the  case  in  diodes  with  shallow  traps 
and  breakdown  voltages  of  approximately  20  volts  which  were 
cooled  to  77*  Kw.  The  time  constant  which  he  quotes  for 
the  transition  from  prebreakdown  to  postbreakdown  occupation 
density  is  7.2  microseconds.  This  time  constant  was  obtained 
under  conditions  in  which  the  on-time  of  the  microplasma 
pulse  was  long  with  respect  to  the  filling  rate  of  the  traps. 

In  the  circumstance  where  the  pulse  length  is  short 
with  respect  to  the  filling  rate  of  the  traps,  of  course, 
much  longer  times  would  be  required  for  equilibrium  density 
to  be  reached,  and  the  time  constant  would  depend  strongly 
on  the  ratio  of  the  average  on-  to  off-time  of  the  microplasmi 
pulses.  The  trapping  rate  would  also  increase  exponentially 
with  the  nearness  of  the  energy  level  of  the  trap  to  midband. 
In  our  rectifiers,  which  contain  relatively  deep  traps,  the 
filling  rates  were  relatively  slow,  and  t  was  not  long 
with  respect  to  the  time  constant  of  the  traps.  Time  con¬ 
stants  of  the  breakdown  voltage  decay  of  hundreds  of  seconds 
were  observed  at  room  temperature. 

EXPERIMENTAL  PROCEDURE  AND  DISCUSSION 

The  rectifiers  to  be  studied  were  placed  in  a  simple 
circuit,  as  shown  in  Figure  1.  Temperature  was  monitored  by 
packing  a  thermocouple  into  a  hole  drilled  in  the  rectifier 
stud  with  dental  gold  foil.  The  rectifiers  were  attached  to 
copper  heat  sinks  which  were  placed  in  constant-temperature 
baths. 


The  intermittent  current  associated  with  the  onset  of 
microplasma  conduction  was  monitored  on  a  Model  310B  Ballan- 
tlne  VTVM,  which  has  a  frequency  cutoff  of  6.7  me.  As  the 
applied  voltage  is  Increased  from  the  threshold  of  avalanche 
conduction  to  a  value  sustaining  continuous  conduction,  the 
average  duty  cycle  of  the  microplasma  pulses  increases  from 
zero  to  infinity.  The  response  of  the  a-c  voltmeter  will  be 
a  maximum  at  an  average  duty  cycle  of  one  half.  Since  the 
voltmeter  response  is  also  proportional  to  pulse  height, 
which  increases  with  applied  voltage,  the  a-c  voltmeter 
readings  give  only  qu'  .tative  readings  of  the  pulse  current. 
However,  a  given  va1  of  the  a-c  voltmeter  reading  corre¬ 
sponds  to  a  given  a.  .rage  ratio  of  on-  to  off -time. 


(4)  R.  H.  Haitz,  "Variation  of  Junction  Breakdown  Voltage 
by  Charge  Trapping",  phys.  Rev.,  138.  260-267  (April, 
1965). 
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£  *  variable  voltage  power  supply 
R  «  100  ohms 

d-c  V  *  d-c  vacuum  tube  voltmeter 
a-c  V  »  a-c  vacuum  tube  voltmeter 


Figure  1 

Circuit  for  Measuring  Transient  Voltage  Effect 


Because  of  the  superposition  of  the  characteristics  of 
two  or  more  microplasmas  which  are  simultaneously  conducting, 
only  those  rectifiers  were  studied  that  demonstrated  a  single 
microplasma  breaking  down  at  an  appreciably  lower  voltage 
than  any  others.  A  typical  separation  between  first  and 
second  microplasmas  is  shown  in  Figure  2,  which  is  a  plot  of 
the  noise  envelope  of  the  microplasma  pulses  as  registered 
by  the  a-c  voltmeter,  superimposed  on  the  direct  current- 
voltage  characteristic  of  the  rectifier. 

The  transient  component  in  the  breakdown  voltage  is 
observed  by  switching  the  applied  voltage  from  a  prebreakdown 
value  to  a  value  in  the  range  of  intermittent  conduction.  In 
the  n-  p  rectifiers,  as  shown  in  Figure  3*  the  voltage 
necessary  to  maintain  a  fixed  ratio  of  on-  to  off -time  of  the 
microplasma  pulses,  and  thus  a  constant  microplasma  current, 
decreased  exponentially  with  tine.  The  variable  plotted 
against  time  after  the  application  of  the  voltage  is  the 
difference  between  the  voltage  at  time  t  and  its  final  stabi¬ 
lized  value.  Thus,  extrapolation  of  the  curve  to  the  origin 
gives  the  total  amount  of  voltage  change,  and  the  slope  of 
the  curve  represents  a  time  constant  for  the  process.  The 
exponential  decay  curve  may  be  represented  by  the  empirical 
expression: 
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where  t  «  time  from  application  of  voltage, 
Vt  *  voltage  at  time  t, 

V0  *  voltage  at  t  ■  0, 

V®  *  voltage  at  t  ■  •  , 

ti  -  to 

t  m  -*■  .  * 

In  Vj/K2. 


The  curve  with  the  time  constant  of  75  Beconds  was 
obtained  hy  maintaining  a  peak  reading  on  the  a-c  voltmeter. 
Thus,  the  average  duty  cycle  of  the  microplasma  pulBes  was 
maintained  at  a  constant'  value  of  one  half.  The  curve  with 
a  time  constant  of  910  seconds  was  obtained  by  maintaining 
the  a-c  voltmeter  reading  at  a  constant  value  of  one  half 
that  of  the  peak  reading  on  the  leading  edge  of  the  noiBe 
envelope,  i.e.,  rQn  <  r  .  Thus,  as  the  relative  on-time 
is  decreased,  the  rate  or  the  transition  to  a  final  steady- 
state  condition  is  decreased.  This  situation  is  demonstrated 
in  rigure  4  in  which  the  decay  time  constant  is  plotted 
against  the  initial  voltage  required  to  sustain  a  given  ratio 
or  on-  to  off-time.  The  curve  is  seen  to  be  roughly  exponen¬ 
tial. 


The  observation  of  a  transient  voltage  decreasing  with 
time  is  consistent  with  a  decreasing  value  of  ND  in  Equa¬ 
tion  (2).  Thus,  during  the  microplasma  pulse,  electrons  are 
captured  by  the  traps  at  a  rate  proportional  to  the  number 
of  unoccupied  traps  and  to  their  capture  cross  section. 

During  the  pulse  interval,  the  traps  release  the  captured 
electrons  at  a  rate  proportional  to  the  number  of  trapped 
electrons  and  to  the  time  constant  of  the  traps.  The  rate 
of  release  of  electrons  from  the  traps  is  assumed  to  be  slow 
with  respect  to  the  rate  of  capture.  By  the  time  the  circuit 
has  restored  itself  to  a  state  which  permits  the  initiation 
of  the  next  microplasma  pulse,  not  all  of  the  captured 
electrons  have  been  released;  the  number  of  ionized  donors, 
Nn,  is  less  than  at  the  beginning  of  the  preceding  pulse; 
and  V-  is  accordingly  less.  This  process  continues  as  the 
traps  continue  to  fill  until  the  number  of  electrons  released 
from  the  traps  during  the  pulse  intervals  equals  the  number 
captured  during  the  pulses. 

The  Voltage  Transient  in  p+-  n  Bectifiers 

Utilizing  p+-  n  silicon  controlled-avalanche  rectifiers 
with  breakdown  voltages  in  the  range  from  750  to  1000 
volts''’',  similar  experiments  were  performed.  The  sign  of 
the  voltage  transient  was  positive,  indicating  the  presence 


(5)  Courtesy  of  Standard  Telecommunication  Laboratories, 
Harwell,  England. 
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of  compensating  acceptors  in  the  n-type  base  region.  The 
time  constants  were  of  the  same  order  as  those  observed  with 
p-type  base  devices. .  However,  whereas  the  magnitude  of  the 
voltage  transient  in  devices  with  p-type  bases  was  in  the 
range  from  0.5  to  10  volts,  that  in  devices  with  n-type 
bases  was  as  higi  as  100  volts! 


Figure  2 

Direct  Current  and  Noise  Current 
in  the  Avalanche  Hegion 


Temperature  Dependence  of  the 
Breakdown  Voltage  Transient 

The  breakdown  voltage  transient  was  measured  at  several 
fixed  temperatures  between  195  and  320°  K.  Surprisingly,  the 
magnitude  of  the  voltage  transient  (V,0  -  V«)  did  not  change 
aonotonically  with  temperature.  Bather,  as  shown  in  Figure  5» 
a  maximum  was  observed  near  260°  K.  The  maximum  at  this 
temperature  was  observed  in  every  case  on  each  of  the 
rectifiers  measured  (temperature  effect  studies  were  made 
only  on  the  n+-  p  devices). 
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Direct  Current,  microamps 


tpU09M*«U!X 


Figure  3 

Decay  of  the  Transient  Component  of  Breakdown 
Voltage — Batio  of  On-  to  Off-Time  of  the 
Microplasma  Pulses  as  a  parameter 


Figure  6,  which  is  a  plot  of  the  temperature  dependence 
of  the  Fermi  level  in  the  silicon  comprising  the  rectifiers, 
shows  that  at  262°  K,  the  Fermi  level  is  positioned  at 
0,24  eV  above  the  valence  band,  which  is  the  energy  level 
of  the  copper  donor  in  silicon.  Ep(T)  was  calculated^ for 
the  case  of  a  single  acceptor  level  comprising  2  x  10i4 
borons/cn3  and  also  with  the  addition  of  a  donor  level 
at  0.24  eV  with  a  concentration  o?  2  x  10^3  cm-3,  it  is 
Been  that  the  presence  of  a  compensating  donor  with  a  con¬ 
centration  up  to  10  per  cent  of  the  majority  carrier  concen¬ 
tration  has  a  negligible  effect  on  the  position  of  the  Fermi 
level  above  200*  K. 

Realizing  the  difficulties  associated  with  invoking 
the  concept  of  the  Fermi  level  in  a  region  of  high  injected 
hole  and  electron  densities  or  in  the  region  of  high  fields, 
both  of  which  obtain  during  avalanche  conduction,  the 
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observed  effects  nevertheless  suggest  trapping  phenomena 
consistent  with  the  relationship  between  Fermi  level  and 
trap  depth  under  equilibrium  conditions. 


V0,  volts 
Figure  4 

Dependence  of  the  Transient  Voltage  Time 
Constant  on  the  Relative  Average  On-Time 
of  the  Microplasma  Pulses 


Consider  a  quasi  Fermi  level  for  electrons,  E_,  in  the 
space-charge  region.  With  the  increase  in  carrier  density 
in  the  space-charge  region  associated  with  microplasma  con¬ 
duction,  Ejj  would  shift  toward  the  conduction  band  by  an 
amount  A  E.  In  the  temperature  region  where  would  be 
several  kT  above  the  trap  depth  Em,  the  value  of  the  Fermi 
function  and  thus  the  value  of  ND  (the  ionized  donor  con¬ 
centration)  given  by 
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where  N-,  is  the  total  number  of  trapping  sites,  would  change 
but  little  from  the  equilibrium  value,  Nn»  0.  Also,  in  the 
temperature  range  where  Eq  «  Bj.,  a  small  change  in  Eq  would 
have  little  effect  on  the  value  of  the  occupation  index,  and 
thus  a  large  change  in  current  density  would  have  only  a 
small  effect  on  the  equilibrium  value,  NqW  ftp.  However,  in 
the  temperature  range  corresponding  to  Fermi  energies  near 
Em,  a  small  change  in  E_  would  produce  a  marked  change  in  the 
occupation  index,  and  tnus  the  value  of  Nq  would  depend 
strongly  on  the  injected  carrier  density. 


Figure  5 

Temperature  Dependence  of  the  Magnitude 
of  the  Breakdown  Voltage  Transient  - 
vac  “  Vac(max) ,  Tcm<  T  off 


Thus,  at  temperatures  several  kT  above  and  below  262°  K, 
the  magnitude  of  the  voltage  transient  is  relatively  small, 
indicating  little  change  in  Kj,  under  the  different  conditions 
of  high  and  low  injected  current  density.  However,  near 
262°  K,  where  Eq  «  0.24  eV,  the  magnitude  of  the  voltage 
transient  has  been  observed  to  be  a  factor  of  10  or  more 
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greater  than  at  other  temperatures,  suggesting  that  the 
occupation  density  of  the  0.24  eV  level  at  262°  K  depends 
strongly  on  the  injected  carrier  density. 


Figure  6 

Temperature  Dependence  of  Fermi  Level 
in  Silicon  with  p  “  2  x  10i4'  borons/cm-’ 
and  with  0.24  etrDonor  Concentrations 
of  0  and  2  x  10^3  cm-3 
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In  order  to  investigate  further  the  possible  corre¬ 
spondence  between  the  position  of  the  Fermi  level  and  trap¬ 
ping  effects  in  the  space-charge  region  under  intermittent 
avalanche  conduction,  measurements  of  the  temperature 
dependence  of  the  voltage  transient  were  repeated  after 
exposing  the  rectifiers  to  various  doses  of  reactor  neutrons. 
The  energy  levels  in  the  bottom  half  of  the  band  gap  associa¬ 
ted  with  the  defects  from  various  types  of  nuclear  radiation 
are  shown  in  Table  1. 


Energy 


Level.  eV 

Type 

Radiation 

Remarks 

0.31 

donor 

e 

4 

Largely  responsible  for 
lifetime  reduction  in 
n-fcype  material(°) 

0.30 

— 

P 

Found  in  p-type 
silicon(7«8) 

0.29 

— 

neutron' 9 ) 

— 

0.27 

acceptor 

p,  neutron^10) 

Acceptor  member  of 
defect  pair  with  lattice 
spacing  <  50  J((  10,11) 

0.05 

— 

(7) 

— 

Table  1 

Radiation-induced  Energy  Levels 
Between  Ey  and  1/2  Eg 


(6)  a.  K.  wertheim,  "Energy  Levels  in  Electron-Bombarded 
Silicon",  Phys.  Rev.,  10£,  1730-1735  (1957). 

(7)  D.  E.  Hill,  "Electron  Bombardment  in  Silicon",  Phys. 
Rev.,  lid,  1414-1420  (1959). 

(8)  D.  E.  Hill  and  K.  Lark-Horovitz,  "Energy  Levels  Intro¬ 
duced  into  Silicon  by  Electron  Irradiation",  Bull. 

APS,  Ser.  2.3.2,  142  (March  27,  1958). 

(9)  C.  A.  Klein  and  w.  D.  Straub,  3rd  Semiannual  Radiation 
Effects  Symposium,  Lockheed  Aircraft  Company,  3 
(October  28-30,  1958). 

(10)  G.  K.  Wertheim,  "Neutron  Bombardment  Damage  in  Silicon", 
Phys.  Rev.,  Ill,  1500-1505  (1958). 

(11)  H.  Roth  and  V.A.J.  Van  Lint,  2nd  Conference  on  Nuclear 
Radiation  Effects  on  Semiconductor  Devices,  New  York 
(September  17-18,  1959). 
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The  result  of  massive  irradiation  is  to  drive  the 
Fermi  leyel  to  midband:  however,  the  radiation  level  of 
8.6  x  10i2  neutrons/cm2  (our  maximum  fluence)  was  not 
sufficient  to  compensate  the  p-type  material  in  the  recti¬ 
fiers  by  as  much  as  1  per  cent  of  the  boron  concentration  of 
2  x  lO-*-1*’  which  is  the  limit  of  the  concentration 

change  detectable  from  measurements  of  the  net  ionized 
impurity  concentration  profile,  plots  of  the  net  ionized 
impurity  concentration  profiles  across  the  base  region  of 
the  rectifier  before  and  after  irradiation  are  shown  in 


Figure  7.  These  plots  are  obtained  from  measurements  of  the 
voltage  dependence  of  the  junction  capacity (12) .  (Charge 
carrier  lifetimes,  however,  were  degraded  from  8  microseconds 
to  less  than  0.5  microseconds  by.  a  radiation  fluence  of 
2.6  x  10l2  neutrons/ cm2. ) 


Distance ,  microns 


Figure  7 

Net  Ionized  Impurity  Concentration  Profile 
Across  Base  Region  of  Rectifier  Before  and 
After  Exposure  to  8.6  x  1012  Reactor  Neutrons/cm2 


(12)  H.  C.  Gorton,  "Studies  of  Impurity  Profiles  in  Silicon 
p-n  Junction  Rectifiers",  Physics  of  Failure  in 
Electronics.  Vol.  3.  Edited  Dy  Goldberg  and  Vaccaro, 
Cato  Show  Printing  Company,  355-36^  (1965). 
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The  acceptor  level  at  0.2?  ev  is  the  simple  vacant 
lattice  site  which  has  a  small  activation  energy  for  diffu¬ 
sion  and  is  relatively  mobile  at  room  temperature ( 13 ) .  it 
would  be  expected  either  to  have  disappeared  at  the  surface 
or  to  have  complexed  with  an  interstitial  impurity.  Thus, 
the  only  available  sites  introduced  by  irradiation  are  at 
0.29  and  possibly  0.30  eV.  Therefore,  the  temperature 
excursion  was  extended  to  320*  K  to  position  the  Fermi  level 
at  0.30  eV,  and  indeed  an  increase  in  magnitude  of  the 
voltage  transient  was  observed.  (The  effect  of  the  introduc¬ 
tion  of  levels  at  0.29  or  0.30  eV  is  not  confirmed,  however, 
since  measurements  were  not  taken  at  this  temperature  prior 
to  irradiation.) 

A  comparison  of  the  temperature  dependence  of  the 
voltage  transient  before  and  after  exposure  to  8.6  x  1012 
neutrons/cm2  is  shown  in  Figure  8.  In  addition  to  an 
increase  in  the  magnitude  of  the  voltage  transient  at  320°  K 
above  the  value  observed  at  room  temperature,  a  significant 
increase  in  the  magnitude  of  the  peak  at  262°  K  was  also 
observed.  Such  an  effect  is  not  unexpected,  however,  since 
copper  exists  in  silicon  in  both  interstitial  and  substitu¬ 
tional  sites — the  Interstitial  site  being  electrically 
inactive  and  predominant  in  concentration  over  the  electri¬ 
cally  active  site  by  a  factor  of  1000  to  lvi**’). 

From  Equation  (2),  one  may  obtain 


6.25  x  101?  (V®  -  VD) 

H  N  -  - 

uo  y  u. 


or 


ANd- 


6.25  x  10X7  AVj, 


(6) 


Thus,  the  change  in  occupation  density  of  the  trapping 
centers,  duo  to  the  increased  carrier  density  in  the  space- 
charge  region  during  microplasma  conduction,  may  be  cal¬ 
culated  from  Equation  (6).  Assuming  values  of  4  volts  and 
6  volts  for  the  magnitude  of  the  breakdown  voltage  transients 
at  262°  K,  as  shown  in  Figure  8,  values  are  obtained  of 
Nn  «*  5  x  10iZ  cm”  3  and  7.3  x  10^2  cm"  3  before  and  after 
irradiation,  respectively,  Assuming  a  defect  introduction 


(13)  H.  Y.  Fan,  Symposium  on  Radiation  Effects  in  Semi¬ 
conductors,  International  Conference  on  the  physics  of 
Semiconductors,  Faris  (1964), 

(14)  C.  B.  Collins  and  R.  0.  Carl3on,  "Properties  of  Silicon 
Doped  with  Iron  and  Copper",  phys.  Rev.,  108.  1409-1414 
(1957). 
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rate  of  10  vacancy-interstitial  pairs  per  neutron  per  cm, 
and  a  radiation  level  of  8.6  x  1012  neutrons/cnr ,  a  6  per 
cent  efficiency  of  the  vacant  lattice  sites  coalescing  with 
interstitial  copper  atoms  is  required — not  an  unreasonable 
value. 


Figure  8 

Temperature  Dependence  of  the  Magnitude 
of  the  Breakdown  Voltage  Transient  Before  , 
and  After  Exposure  to  8.6  x  1012  Reactor  Neutrons/cm*- 


CONCLUSIONS 

A  correlation  between  the  magnitude  of  the  transient 
component  of  the  breakdown  voltage  and  the  coincidence  of 
the  Fermi  level  with  the  energy  level  of  generation- 
recombination  centers  has  been  demonstrated.  The  transition 
of  copper  atoms  from  interstitial  to  substitutional  sites 
by  reaction  with  radiation-induced  lattice  vacancies  and  a 
value  for  the  concentration  of  substitutional  copper  have 
been  deduced  from  an  analysis  of  the  temperature  dependence 
of  the  transient  voltage  effect.  It  is  suggested  that,' by 
ordering  the  position  and  range  of  the  Fermi  level  as  a 
function  of  temperature  by  appropriately  doping  the  silicon, 
the  transient  voltage  effect  could  be  used  as  a  tool  to 
investigate  both  chemical  impurities  and  structural  defects 
in  silicon. 
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ELIMIHATION  OF  FORWARD-BIASED  SECOND  BREAKDOWN  BY  RESISTIVE 
BALLASTING  OF  SILICON  POWER  TRANSISTORS 

Daniel  Stolnits 


Radio  Corporation  of  America 
Somerville ,  New  Jersey 


INTRODUCTION 

I 

Failure  of  power  transistors  by  second  breakdown  often  results 
from  severe  non-uniformities  in  current  density  which  may  be  initiated, 
for  example ,  by  lower  emitter  turn-on  voltages  in.  portions  of  the  de¬ 
vice.  These,  in  turn,  can  arise  from  structural  variations  which  may 
be  systematic,  as  in  the  case  of  voltage  drops  along  contact  metalliza¬ 
tion,  or  random  as  in  the  case  of  diffusion-front  spikes.  The  latter 
effect  is  simply  illustrated  by  a  glance  at  an  I-V  equation  for  tran¬ 
sistor  current  in  terms  of  emitter-base  potential: 


For  fixed  I: 


I  = 


qA  D  n  qVBE/alkT 
n  p 

—  ■  *  e 


In  W  +  In  (const.) 


-(-) 

\mkT  / 


BE 


Taking  differentials: 


AV, 


BE 


This  equation  shows  how  the  consequences  of  base-vidth  variations 
(AW)  are  magnified  when  the  base  is  narrow,  as  is  the  case  with  high 
fT  transistors,  or  when  high  collector  biases  are  applied. 

For  m=l,  kT/q  =  26  mv.,  a  AW/W  =  2056  leads  to  a  AV  =  5.2  mv. 

This  is  a  small  diffenence  in  terms  of  the  magnitude  of  V_E,  typically 
about  600  mv.,  hut  it  can  give  rise  to  significant  non-uniformities  of 
current . 
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Vce=  200  VOLTS 


'IE 

5mA/OIV. 


—  Vbe  lOmV/DIV 


Figure  1 


I_  vs .  V__  For  Two  Sites  of  Si  Power  Transistor 
r*  Ur* 


Fig.  1  shows  the  separation  of  I-V. curves  for  two  small,  isolated, 
sites  on  a  large  power  transistor.  (The  loop  results  from  the  return 
trace  of  the  oscilloscope.)  Current  variations  translate  into  the 
thermal  variations  that  are  frequently  displayed  with  phosphors  or 
paints,  and  these  in  turn  aggravate  the  initial  current  difference  in  a 
process  that  can  become  regenerative  and  finally  unstable. 

A  solution  to  the  inevitable  non-uniformities  of  current  density 
consists  of  dividing  the  emitter  region  into  a  large  number  of  small, 
discrete  areas  and  placing  a  limiting,  debiasing  resistance  in  series 
with  each  of  them.  Similarly,  one  might  use  a  continuous,  distributed 
resistance  in  series  with  an  undivided  emitter.  In  either  case,  an 
excess  of  current  to  any  sub-region  produces  a  larger  voltage  drop 
across  the  resistance  in  series  with  that  area  and  reduces  the  forward 
bias  applied.  The  principle  is  a  simple  one  and  is  encountered  in  the 
parallel  operation  of  power  transistors,  voltage  regulator  tubes,  and 
recently  silicon  controlled  rectifiers.  Fig.  2  schematically  shows  the 
approach. 

To  reason  quantitatively  about  the  resistances  required  and  their 
effect,  one  might  examine  the  I-V  equation  for  emitter  current  to  the 
various  sites.  This  can  also  be  done  graphically  hy  load  lines  as  seen 
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in  Fig.  3.  The  vs.  Vgg  characteristics  must  he  obtained  under  the 
actual  conditions  of  temperature  and  collector  voltage  that  vill  apply. 
Then  the  maximum  permissible  site  current  I  ,  and  the  minimum  de¬ 
sired  site  current  I  .  are  assigned.  The  SSersection  of  these  ab¬ 
scissae  vith  the  extreme  cases  of  the  characteristics  vill  determine  a 
load  line  that  corresponds  to  an  appropriate  resistance.  (See  Appen¬ 
dix). 


□□□□□□ 

□□□□□□ 

□□□□□□ 

□□□□□□ 

□□□□□□ 

□□□□□□ 


Figure  2 

Principle  of  Ballasting  Resistors 


«  E 


APPARATUS 


To  experimentally  study  the  effect  of  resistive  ballasting  on  for- 
vard-biased  second  breakdown,  the  following  apparatus  was  constructed. 
First,  a  conventional  triple-diffused  silicon  power  transistor  which 
employs  am  interdigitated  contact  geometry  was  modified  as  shown  in 
Fig.  4. 

Each  of  the  eight  emitter  fingers  (0.120"  x  0.010")  was  divided 
into  eleven  segments  (0.008"  x  0.007")  before  diffusion  and  metalliza¬ 
tion,  creating  eighty-eight  electrically  discrete  emitters.  Base  and 
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collector  vere  left  unaltered.  Gold  wires  two-ails  in  diameter  \rere 
then  bonded  to  forty-eight  of  these  emitter  sites  and  taken  out  to  two 
tiers  of  contacting  clips.  Each  emitter  clip  lies  in  series  with  an 
external,  variable  resistance  and  a  current  sampling  resistor  which  was 
held  to  25  milliohms  so  as  to  be  negligible.  (Jig.  '5)  Ills  arrange¬ 
ment  allows  us  to  siaulate  the  use  of  any  desired  resistance  uniformly 
in  series  with  each  emitter  site,  or  to  vary  the  limiting  resistor  in¬ 
dependently  to  each  site.  Keeping  the  rheostats  external  allows  the 
resistance  value  to  be  known  accurately  without  the  complication  of 
changes  with  temperature . 


Figure  3 

Load  Line  Determination  of  Ballast  Resistance 
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Experimental  Modification  of  Conventional  Transistor 


Figure  5 


Biasing  find  Measurement  Circuit 
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The  collector  was  reverse-biased  and  pulsed  by  a  Tektronix  curve 
traoer.  The  emitter  was  forward-biased  and  driven  from  a  D.C.  current 
source.  While  some  non-destructive  test  methods  have  been  recently  de¬ 
veloped,  the  work  reported  here  employed  the  condition  of  incipient 
second  breakdown.  The  criterion  used  was  the  characteristic  arching- 
back  of  the  thermally-induced  hysteresis  loop  that  appears  in  the  col¬ 
lector  waveform.  The  results  obtained  correlate  quite  wall  with  those 
found  when  units  are  taken  completely  into  breakdown. 

MEASUREMENTS 


To  demonstrate  the  improvement  obtainable  with  ballasting  resis¬ 
tors,  Table  1  gives  the  variation  of  second-break-free  power  derived 
through  resistors  for  twenty-four  emitter  sites  operating  at  a  collector 
voltage  of  200  volts.  The  power  column,  labelled  Pc  _,  is  3imply  the 
product  of  maximum  collector  voltage  and  maximum  collector  current ,  as 
read  from  the  curve  tracer.  Since  all  measurements  axe  of  the  relative, 
bef ore-end  after  type,  this  product  is  an  adequate  index.  For  undis¬ 
torted  waveform  the  continuous  collector  dissipation  is  calculated  to 
be  'W’OJt  of  the  product  P 


VCE(max) 

^C(max) 

P 

rC*T. 

R 

200  v 

150  ma 

30  w 

0  a 

200  v 

250  ma 

50  w 

1.0  n 

200  v 

1000  ma 

200  w 

3.0  si 

200  v 

1000  ma 

200  w 

5.1  n 

200  v 

1000  ma 

200  w 

10.0  Si 

Table  1 

Change  in  Second-Breakdown-Free  Power  with  Ballast  Resistance 


A  six-fold  increase  is  observed  from  zero  to  3  !5.  Five  to  ten 
ohms  gives  no  significantly  greater  power,  but  provides  a  more  closely 
uniform  current  distribution.  For  the  various  resistances  in  Table  1, 
each  of  the  photographs  of  Fig.  6  shows  the  emitter  current  distribu¬ 
tion  among  four  of  the  twenty-four  sites,  including  the  worst,  all 
superimposed  on  a  single  photograph.  The  abscissa  is  a  time  axis,  with 
the  distance  between  the  triangular  peaks  corresponding  to  one  complete 
cycle  of  collector  sweep.  The  five  photos  reading  from  upper  left  to 
lower  right  correspond  to  the  five  values  of  resistance  reading  down  the 
table . 


The  limit  on  power  is  set  by  the  thermal  resistance  of  the  ex¬ 
perimental  unit.  The  factor  of  power  increase  is  not  really  the  im¬ 
portant  measure,  as  this  can  simply  reflect  an  initially  poor  unit. 
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What  matters  more  is  that  dissipated  power  he  independent  of  collector 
voltage  and  determined  by  thermal  limits  only.  At  a  collector  voltage 
of  150  volts,  data  similar  to  that  obtained  at  200  volts  was  found.  3  52 
was  still  required  to  secure  the  full  power  (200  w)  but  there  was  a 
50?  increase  in  the  power  obtained  with  1  £2  .  At  a  collector  voltage  of 
100  volts,  1  52  was  sufficient  to  obtain  the  full  power.  It  is  seen 
that  at  lower  collector  voltages  less  debiasing  resistance  is  required 
to  prevent  forward-biased  second  break-down. 

Thus  for  this  experimental  unit  under  the  conditions  of  bias  em¬ 
ployed  3  52  in  series  with  each  of  twenty-four  emitters  ensures  our  ob¬ 
taining  the  full  second-breakdown-free  power  independently  of  collector 
voltage  over  the  range  zero  to  200  volts. 

It  should  be  clear  that  the  effective  resistance  placed  in  series 
with  the  emitter  of  the  over-all  unit  is  the  parallel  combination  of  all 
the  ballasting  resistors.  Thus  3  £2  to  each  of  2h  sites  represents  about 
a  tenth  of  an  ohm  to  the  whole  unit. 

CURBEHT  HOGGING  AND  BASE-SOURCE  IMPEDAHCE 

The  process  of  forward-biased  second  breakdown  can  begin  with  the 
non-uniform  turn-on  of  different  emitter  regions,  but  a  central  feature 
of  the  regeneration  that  leads  to  breakdown  is  the  drawing  away  of 
current  by  the  early  turn-on  sites  from  the  others.  This  phenomenon, 
called  "current-hogging",  is  clearly  displayed  in  Fig.  7.  Here  the 
emitter  current  to  four  sites  is  shown  as  one  site  (the  top  trace)  ap¬ 
proaches  second  breakdown.  Observe  the  rising  hump  in  the  traces  of 
the  three  other  sites  at  that  region  of  the  cycle  in  which  the  worst 
site  draws  the  most  current.  These  "humps"  correspond  to  a  reduction 
in  emitter  current  for  these  three  sites,  since  the  magnitude  of  Ij,  in¬ 
creases  as  the  waveform  moves  toward  the  bottom  of  the  photograph. 


IE 


t  — - - 

Figure  7 

Current-hogging  by  Second-Breakdown  Prone  Site 
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A  solution  to  this  aspect  of  regeneration  is  to  again  divide 
the  emitter  region,  and  make  the  base  generator  a  constant-voltage 
source  rather  than  a  constant-current  source  as  it  is  typically.  To 
demonstrate  this,  a  transistor  with  only  six  emitter  sites  was  used  in 
order  to  observe  instantaneously  the  current  to  all  active  sites.  The 
results  are  the  same  when  twenty-four  or  forty-eight  sites  are  used. 

The  photographs  of  Fig.  8  show  the  Ig  distribution  among  the 
six  sites  for  constant-current  and  constant-voltage  base  supply.  In  the 
constant-current  case, 1  observe  the  rising  humps  (decrease  in  current) 
in  four  traces  as  the  leading  two  sites  increase  their  current.  By  con¬ 
trast,  in  the  photograph  of  the  constant-voltage  distribution  on  the 
right ,  although  the  same  two  sites  are  each  drawing  perhaps  four  times 
the  current  of  the  others,  there  is  no  decrease  in.  any  site  current 
over  the  cycle. 


CONST.  I 


CONST .  V 


van.  -  Ig  HCH1Z.  m  t 

Figure  8 
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Emitter  Sites  Current  Distribution  for  Constant-Current  and 
Constant-Voltage  Base  Drive  Generator 


A  possible  effect  on  second  breakdown  of  eliminating  current¬ 
hogging  in  this  way  is  offerred  with  the  aid  of  Figs.  9,  10.  In  Fig.  9 
for  constant-voltage  we  see  the  I-V  curves  for  both  the  worst  site  and 
the  large  number  (m)  of  average  sites.  The  intersection  of  these  char¬ 
acteristics  with  the  bias  voltage  ordinate  gives  the  respective  currents 
drawn.  If  the  situation  is  stable  nothing  further  occurs.  But  if  the 
temperature-current  situation  is  not  stable  for  the  worst  site,  then  it 
■will  begin  to  draw  more  current  and  attain  higher  temperatures .  This  is 
shown  for  the  worst  site  by  the  intersection  of  the  bias-voltage  ordin¬ 
ate  with  the  I-V  characteristics  drawn  for  higher  temperatures.  The  pro¬ 
cess  is  terminated  when  the  worst  site  achieves  some  temperature  ?F  at 
which  it  draws  a  maximum  current  that  causes  it  to  he  destroyed  . 
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The  entire  process  occurs  without  any  change  in  and  thus  both  the 
bias  and  the  current  to  all  the  other  sites  remains  unchanged.  At  fail¬ 
ure,  the  total  current  drawn  by  the  transistor  is  the  sum  of  the  failure 
current  to  the  worst  site  plus  m-times  the  current  drawn  by  the  average 
sites . 


In  Fig.  10  for  the  constant-current  case  the  same  initial  I-V 
curves  are  shown.  The  process  to  be  described  is  a  dynamic  one,  but 
mist  be  outlined  by  several  discrete  steps.  The  initial  condition  of 
bias  is  the  ordinate  "l"  whose  intersection  with  the  characteristics 
gives  the  initial  currents.  If  the  worst  site  is  unstable  under  this 
bias  then  it  will  tend  toward  higher  currents  and  temperature.  Its 
static  impedance  decreases  and  thus  the  load  impedance  presented  to  the 
base  generator  is  reduced.  The  generator  voltage  decreases  slightly  as 
shown  by  ordinate  2.  This  reduces  the  average  current  to  the  man;'  sites 
by  some  increment  and  makes  available  m-times  this  increment  to  the 
worst  site.  With  this  additional,  current  the  worst  site  can  rise  to 
some  higher  current  and  temperature  shown  by  the  intersection  of  ordin¬ 
ate  2  with  the  I-V  character:!  Stic  for  temperature  Tg. 

Since  the  worst  site  will  he  unstable  at  Tg,  its  impedance 
will  decrease  further  and  the  process  described  will  repeat,  moving  the 
voltage  ordinate  from  2  to  3.  Fig.  10  shews  this  final  change  as  pro¬ 
ducing  failure  by  second  breakdown.  At  failure  the  total  current  drawn 
by  the  transistor  is  the  sum  of  the  failure  current  to  the  worst  site 
plus  m-times  the  reduced  current  drawn  by  the  average  sites .  ThiB  re¬ 
duction  in  average  current  could  lead  to  lower  second-breakdown  power 
under  the  constant-current  condition. 

lastly  ,  it  should  be  clear  that  the  impedance  of  the  base 
generator  must  not  be  confused  with  that  of  the  collector  generator. 

As  Scarlett  has  pointed  out,  the  latter  can  have  no  effect  on  break¬ 
down. 


APPENDIX 

In  thinking  about  the  magnitude  of  resistance  required  for 
protective  ballasting,  one  mist  keep  in  mind  the  effect  of  resistors  on 
the  current  distribution  as  a  function  of  temperature.  In  Fig.  11 
(drawn  for  I-V  curves  at  the  same  temperature)  the  initial  current  dis¬ 
tribution  is  shown  as  the  intersection  of  the  ordinate  "I"  with  the 
two  Ie-Vbe  characteristics.  The  re-distribution  by  ballasting  is  in¬ 
dicated  by  the  intersection  of  a  load-line  (R.  or  Rg)  with  the  same 
curves.  It  is  seen  that  both  a  low  resistance  (R. )  or  a  high  one  (Rg) 
can  produce  fairly  similar  results.  In  Fig.  12  I-V  curves  for  the 
high  site  at  elevated  temperature  have  also  been  included,  since  the 
heating  of  this  site  is  an  important  feature  of  instability.  How  it 
is  seen  qualitatively  that  as  the  temperature  rises  the  high  resistance 
provides  much  more  favorable  current  distribution  compared  to  the  low — 
resistance. 
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Figure  9 

Constant-Voltage  Base  Supply- 
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I TOTAL  =  IFAIL  +  w  tfAVG.-  aiavg.) 

'  ‘FAIL  +  (K)  IaVG.-(m>  (aiAVG.) 
Figure  10 

Constant-Current  Base  Supply 
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plus  m-times  the  reduced  current  drawn  by  the  average  sites.  It  is 
this  reduction  in  average  current  which  may  account  for  the  smaller 
breakdown  power  seen  under  the  constant-current  condition. 

Lastly,  it  should  be  clear  that  the  impedance  of  the  base  gen¬ 
erator  must  not  be  confused  with  that  of  the  collector  generator.  As 
Scarlett  has  pointed  out,  the  latter  can  have  no  effect  on  breakdown. 

APPENDIX 


In  thinking  about  the  magnitude  of  resistance  required  for  pro¬ 
tective  ballasting,  one  must  keep  in  mind  the  effect  of  resistors  on 
the  current  distribution  as  a  function  of  temperature.  In  Fig.  11 
(drawn  for  I-V  curves  at  the  same  temperature )  the  initial  current  dis¬ 
tribution  i3  shown  as  the  intersection  of  the  ordinate  'I"  with  the 
two  I-V™,  characteristics.  The  re-distribution  by  ballasting  is  in¬ 
dicated  by  the  intersection  of  a  load-line  (R^  or  Rg)  with  the  same 
curves.  It  is  seen  that  both  a  low  resistance  (Ri)  or  a  high  one  (Rg) 
can  produce  fairly  similar  results.  In  Fig.  12  I-V  curves  for  the 
high  site  at  elevated  temperature  have  also  been  included,  since  the 
heating  of  this  site  is  an  important  feature  of  instability.  Now  it 
is  seen  qualitatively  that  as  the  temperature  rises  the  high  resistance 
provides  much  more  favorable  current  distribution  compared  to  the  low 
resistance . 
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Figure  12 

Effect  of  Ballasting  oa  Temperature  Dependence  of 
Current  Distribution 


FAILURE  OF  LARGE-AREA  EPITAXIAL-DIFFUSED  SILICON  DEVICES 
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and 
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ABSTRACT 

The  structural  perfection  of  the  epitaxial-diffiised  silicon  films 
is  one  of  the  most  important  factors  determining  the  performance  and 
reliability  of  large-area  epitaxial-diffuaed  devices.  The  character¬ 
istics  of  these  devices  are  affected  by  structural  imperfections  genera¬ 
ted  during  the  epitaxial  growth  and  the  diffusion  processes. 

The  commonly  observed  imperfections  in  epitaxial  silicon  films  are 
dislocations,  stacking  faults,  growth  pyramids,  and  polycrystalline  in¬ 
clusions.  They  all  have  adverse  effects  of  varying  degrees  on  device 
characteristics.  Except  those  propagated  from  the  substrate,  structur¬ 
al  imperfections  in  epitaxial  silicon  films  can  be  essentially  elimina¬ 
ted  by  using  proper  growth  techniques. 

The  diffusion  of  high  concentrations  of  dopants  into  epitaxial 
silicon  films  has  been  shown  to  generate  dislocations  and  to  transform 
stacking  faults  into  other  types  of  imperfections.  Furthermore,  local¬ 
ized  areas  of  high  dislocation  density  in  epitaxial-diffused  silicon 
films,  due  to  contamination  and  improper  handling  techniques,  have  been 
shown  to  be  responsible  for  the  softness  of  large-area  epitaxial-diffused 
junctions.  The  characteristics  of  these  junctions  were  found  to  be 
improved  considerably  by  using  a  gettering  technique. 

The  epitaxial  growth  technique  has  been  shown  to  be  a  valuable 
substitute  for  diffusion  in  reducing  the  failure  of  certain  larga  area 
devices . 
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1.  Introduction 


Epitaxial  silicon  films  are  used  extensively  in  the  manufacture 
of  low  power  devices,  and  have  become  increasingly  important  in  the 
fabrication  of  large  area  devices.  In  many  cases,  the  diffusion  techni¬ 
que  is  also  used  for  the  further  processing  of  epitaxial  silicon  films. 
The  reliability  of  epitaxial-diffused  devices  is  affected  by  the 
quality  of  the  epitaxial  material,  the  parameters  of  the  diffusion 
process,  the  effectiveness  of  surface  passivation,  and  subsequent 
mechanical  operations  such  as  contacting,  lead  attachment,  encapsulation, 
etc.  It  is  likely  that  the  first  three  factors  will  ultimately  limit 
the  performance  of  large-area  epitaxial-diffused  devices.  Unless  these 
factors  can  be  controlled  reproducibly.  the  reliability  of  the  device 
cannot  be  predicted.  Thus,  an  investigation  of  the  effects  of  imper¬ 
fections  in  epitaxial  silicon  and  diffusion  parameters  on  device 
characteristics  is  a  necessary  approach  to  attack  reliability  problems 
in  large-area  epitaxial-diffused  devices. 

The  requirements  of  structural  perfection  for  large  area  devices 
are  more  stringent  than  those  for  small  area,  low  power  devices.  While 
imperfections  in  epitaxial  or  epitaxial-diffused  material  only  reduce  the 
yield  for  low  power  devices,  one  major  imperfection  in  a  silicon  wafer 
would  cause  the  failure  of  the  large  area  device.  In  this  paper,  the 
structural  imperfections  in  epitaxial  silicon  and  diffused  silicon  are 
correlated  with  the  parameters  in  epitaxial  growth  and  diffusion  pro- 
casses.  The  effects  of  these  imperfections  on  the  performance  of 
devices  and  possible  techniques  of  minimizing  their  occurrence  afe 
discussed.  It  is  also  shown  that  the  epitaxial  growth  technique  could 
be  used  in  place  of  the  diffusion  technique  for  reducing  the  failure  of 
certain  large  area  devices,  such  as  power  transistors. 

/ 

II.  Experimental 

11.1  Epitaxial  Growth 

The. epitaxial  growth  of  silicon  was  carried  out  by  the  pyrolysis 
of  silane,  using  hydrogen  as  a  diluent,  on  surfaces  of  heated  silicon 
substrates  in  s  flow  system.  The  silicon  substrates  were  of  till} 
orientation,  0.01  ohm- cm  n-type,  and  were  of  1"  diameter.  After  mechani¬ 
cal  lapping  and  chamical  polishing  in  the  usual  manner,  the  substrates 
were  supported  on  a  susceptor  in  a  quartz  reaction  tube,  and  the  suscep¬ 
tor  was  heated  externally  by  an  rf  generator.  Prior  to  the  deposition 
process,  the  substrates  were  chemically  etched  in  situ  with  anhydrous 
hydrogen  chloride  (1)  or  water  vapor  (2).  Subsequently,  silicon  films 
were  grown  using  phosphine  or  diborsne  ss  a  dopant  for  n-  or  p-type 
material,  respectively. 

11.2  Diffusion 

The  division  of  boron  into  n-type  epitaxial  silicon  films  was 
carried  out  at  11S0*C  in  a  flow  system  using  boron  tribromide  ss  a 
diffusant.  Phosphorus  oxytrichloride  was  used  as  an  n-type  diffusant, 
and  the  diffusion  temperature  was  1100*C. 

11.3  Evaluation 

Structural  imperfections  in  epitaxial  and  epitaxial-diffused 
silicon  films  were  investigated  by  chemical  etching  and  optical  micro¬ 
scope  techniques.  The  Sirtl  etch  (100  g.  anhydrous  CrOj,  200  ml.HjO, 
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and  200  al.  49%  HF)  (3)  is  vary  useful  for  this  purpose.  Hie  inter¬ 
sections  of  imperfections  with  the  surface  exhibit  faster  etch  rates 
than  the  adjacent  crystal  and  are  revealed  as  grooves,  pits,  etc. 

Ihe  electrical  characteristics  of  epitaxial  or  epitaxial-diffused 
junctions  were  evaluated  by  aeasuring  their  reverse  current- voltage 
relations  at  rooa  temperature.  When  the  large  area  junctions  (S  cm2) 
exhibited  high  reverse  currents  at  low  voltages,  these  specimens  were 
nade  into  ae'sa  structures  by  photolithographic  techniques.  Each  mesa 
was  about  20  an2  in  area,  and  the  reverse  characteristics  of  these  aesa 
junctions  were  than  Measured  to  isolate  defective  regions. 

A  nuaber  of  power  transistors  with  an  active  junction  area  of 
4  cm2  were  fabricated  by  (a)  the  double  diffusion  technique  using 
n-type  epitaxial  filas  deposited  on  low  resistivity  n-type  substrates 
and  (b)  the  phosphorus  diffusion  using  epitaxial  n-  and  p-filas  deposi¬ 
ted  on  low  resistivity  n-type  substrates.  Hie  voltage  capabilities  and 
gains  of  these  transistors  were  aeasured  by  standard  techniques. 

HI.  Results  and  Discussion 

III.l  Imperfections  in  Epitaxial  Silicon  Filas 

Structural  imperfections  are  often  observed  in  epitaxial  silicon 
filas  (4).  They  could  propagate  froa  the  substrate,  originate  at  the 
substrate-fila  interface,  or  develop  during  growth.  The  aost  coaaon 
imperfections  are  dislocations,  stacking  faults,  growth  pyraaids,  and 
polycrystalline  inclusions. 

Dislocations  in  bulk  silicon  crystals  have  been  studied  with 
respect  to  their  effects  on  the  properties  of  silicon  and  the  electrical 
characteristics  of  silicon  devices  (S).  Tho  aost  direct  influence  of 
dislocations  on  device  properties  is  related  to  the  recoabination  of 
ninority  carriers  and  breakdown  phenomena.  Prussin  (Sb)  has  compered 
the  reverse  characteristics  of  a  nuaber  of  diffused  aesa  devices  which 
were  all  identically  prepared  and  differed  froa  one  another  only  on  the 
basis  of  the  dislocation  density.  In  areas  where  dislocation  arrays 
were  present,  the  aesa  devices  experienced  a  decrease  in  the  reverse 
voltage  to  a  fraction  of  the  voltage  in  the  adjacent  areas.  Hie 
distribution  of  soft  junctions  also  had  a  direct  correlation  with  dis¬ 
location  density.  Hie  indirect  effects  of  dislocations  in  silicon, 
such  as  the  enhanceaent  of  the  diffusion  of  dopants  along  dislocations 
and  the  precipitation  of  impurities  dislocations,  have  been  shown  to 
be  important  factors  for  device  failure.  The  diffusion  enhanceaent 
along  dislocations  results  in  the  formation  of  n on-planar  junctions, 
and  the  precipitation  of  iapurities  is  a  predominant  cause  of  the  soft 
reverse  characteristics  of  p-n  junctions. 

Hie  dislocations  in  epitaxial  silicon  films  are  the  results  of  the 
propagation  of  nearly  all  dislocations  in  the  substrate  and  the  improper 
growth  conditions.  For  example,  the  work  damage  and  foreign  impurity 
particles  on  ihe  substrate  surface  could  increase  the  dislocation  density 
in  the  grown  film.  Furthermore,  if  the  substrate  was  not  sdequately 
supported,  the  deformation  of  the  substrate  during  the  growth  process 
could  produce  arrays  of  dislocations. 
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Stacking  faults  in  epitaxial  silicon  films  usually  initiate  at 
the  substrate-file  interface  and  propagate  along  (ill)  planes.  When  the 
substrata  is  of  (ill)  orientation,  the  intersections  of  the  stacking 
fault  planes  with  the  grown  surface  are  reyesled,  by  cheaical  etching, 
in  the  fore  of  equilateral  triangles,  inconplete  triangles,  or  straight 
lines.  Experimental  results  indicated  that  structural  defects  at  the 
substrate  surface,  foreign  impurity  particles  on  the  substrate  surface, 
and  local  stress  developed  during  the  growth  process  are  predominant 
causes  of  faulting. 

Stacking  fault  planes  in  epitaxial  films  are  not  expected  to  have 
direct  harmful  effects  on  device  characteristics,  since  the  atoxic 
arrangement  in  the  region  of  stacking  fault  planes  is  similar  to  that  in 
twin  planes  and  twin  planes  exhibit  no  observable  effects  on  device 
properties.  However,  stacking  faults  always  terminate  at  partial 
dislocations.  For  exaaple,  the  adjacent  faulting  planes  in  stacking 
faults  with  triangular  etch  figures  intersect  at  stair-rod  partial 
dislocations  with  1/6  <11(9  Burger's  vectors.  Thus,  stacking  faults 
nay  have  similar  effects  on  device  characteristics  as  dislocations. 

Finch  et  al.  concluded  that  p-n  junctions  in  epitaxial  silicon  containing 
stacking  faults  did  not  exhibit  anomalies  which  can  be  attributed  direct¬ 
ly  to  faulting  (6) .  On  the  other  hand,  preferential  micronlasna  break¬ 
down  at  the  stair-rod  dislocations,  presumably  due  to  the  precipitation 
of  silicon  dioxide,  nstals,  etc.  have  been  observed  upon  application  of 
a  reverse  bias  (7).  The  effects  of  stacking  faults  on  the  subsequent 
processing  of  epitaxial  films  such  as  diffusion  and  alloying  were 
studied,  using  films  containing  high  concentrations  of  stacking  faults 
(10sar*  or  higher) .  Chemical  etching  and  optical  examinations  of 
specimens  subsequent  to  boron  diffusion  indicated  that  a  major  portion 
of  the  stacking  faults  has  undergone  rearrangement  (cf.  Section  III. 2). 
Chemical  staining  of  the  cross-sectioned  surface  showed  no  enhancement 
of  diffusion  along  the  remaining  stacking  fault  planes  or  their  inter¬ 
sections  at  a  junction  depth  of  25  A.  Furthermore,  stacking  faults 
were  also  found  to  cause  no  localised  deep  alloy  penetration  into 
silicon. 

Triangular  growth  pyramids,  observed  on  epitaxial  silicon  films 
of  (ill}  orientation,  possess  flat  faces  which  are  tilted  free  the 
underlying  surface  at  small  angles.  No  low  angle  boundaries  greater 
than  0.5*  are  present  at  the  edges  of  the  pyramid.  However,  other 
structural  imperfections  such  as  stacking  faults  or  polycrystalline 
inclusion  nay  be  present  at  the  apex  of  the  pyramid.  Impurities  on  the 
substrate  surface  are  preswahly  responsible  for  the  formation  of 
growth  pyramids.  Besides  the  associated  imperfections,  growth  pyramids 
are  undesirable  for  device  purposes  because  of  the  non-planarity  of 
the  surface. 

Polycrystalline  inclusions  in  epitaxial  silicon  films  usually 
originate  at  the  substrate-film  interface,  owing  to  the  presence  of 
foreign  particles  which  generated  random  nucleation.  They  have  the 
most  harmful  effects  on  devices.  Crain  boundaries  in  the  inclusions 
act  as  mobility  scattering  cantors  and  carrier  recombination  centers. 
Junction  devices  containing  inclusions  in  the  depletion  region  exhibit 
high  reverse  currents  and  are  incapable  of  supporting  voltages  more 
than  SOV.  The  diffusion  of  impurities  in  silicon  is  also  strongly 
enhanced  along  inclusions. 
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In  summary,  structural  imperfections  in  epitaxial  silicon  films 
are  undesirable  because  of  their  adverse  effects  on  device  characteris¬ 
tics.  Except  the  imperfections  propagated  from  the  substrate,  the 
formation  of  other  imperfections  can.  be  attributed  mainly  to  contam¬ 
inants  in  the  reactant  mixtures,  mechanical  damage  in  the  substrate, 
and  foreign  impurities  on  the  substrate  surface.  By  observing  proper 
cleanness  precautions  and  using  suitable  in  situ  etching  techniques 
end  high  purity  reagents,  these  imperfections  can  be  essentially 
eliminated.  Thus  epitaxial  silicon  films  possess  great  promise  for 
the  fabrication  of  large  area  devices.  Conventional  silicon  crystals 
have  been  shown  to  exhibit  various  types  of  chemical  and  structural 
defects  (8),  and  epitaxial  filicon  films  can  be  superior  in  these 
aspects. 

111.2  Diffusion 

Diffusion  of  dopants  into  silicon  is  perhaps  the  most  widely  used 
fabrication  technique.  The  surface  concentration  of  several  dopants  in 
silicon  and  the  junction  depth  can  be  controlled  reproducibly  to  a  high 
degree.  However,  the  diffusion  technique  has  the  inherent  disadvantage 
that  dislocations  are  introduced  into  silicon  due  to  the  lattice  mis¬ 
match  between  the  silicon  and  the  dopant  atoms  (9).  The  diffusion  of  a 
high  concentration  of  boron  or  phosphorus  into  a  shallow  surface  layer 
of  silicon  produced  slip  lines  due  to  the  stress  from  dopant  atoms  in 
the  silicon  lattice.  The  presence  of  silicon  phosphide  precipitate  has 
been  detected  in  the  surface  layer  of  silicon  after  the  diffusion  of  a 
high  concentration  of  phosphorus  (10).  The  introduction  of  dislocations 
and  second  phase  material  during  the  fabrication  of  p-n  junctions  has 
serious  implications  for  the  quality  of  devices. 

Diffusion- induced  imperfections  in  epitaxial  silicon  films  were 
investigated  by  using  optical  examinations  and  microplasma  observations. 
When  the  substrate  ami  the  epitaxial  film  differed  greatly  in  dopant 
concentrations,  the  diffusion  of  dopant  during  the  growth  process 
resulted  in  high  concentrations  of  dislocations  in  the  interface  region. 
For  exeaple,  when  a  boron-doped  substrate  of  0.01  ohm-cm  resistivity 
was  used  for  the  deposition  of  a  20  ohm-cm  n-type  epitaxial  film  of 
2004  thickness,  the  grown  material  just  above  the  interface  showed  a 
high  density  of  etch  pits  arranged  in  arrays  along  <110>  directions. 

This  is  illustrated  in  Fig.  1  where  the  etch  figure  of  the  surface 
2  to  4A  above  the  interface  is  shown.  The  grown  material  above  this 
region  and  the  substrate  below  this  region  had  few  dislocations.  Thus, 
the  observed  etch  pattern  resulted  from  the  dislocations  induced  by  the 
diffusion  of  boron  from  the  substrate  into  the  grown  film.  Dopants 
with  smaller  misfits  in  silicon,  such  as  arsenic,  gallium,  or  aluminum 
could  reduce  considerably  the  dislocations  at  the  epitaxial  interface. 

A  guard  ring  tast  junction,  with  cross-sectional  configuration 
shown  in  Fig.  2,  was  used  to  evaluate  the  effects  of  phosphorus  dif¬ 
fusion  on  the  breakdown  characteristics  of  p-n  junctions  (11).  The 
guard  junction  is  much  deeper  than  the  central  juiction  and  thus  has  a 
higher  breakdown  voltage.  The  central  junction  should  breakdown  uni¬ 
formly  except  for  regions  of  imperfections  or  local  resistivity  varia¬ 
tions.  To  permit  the  observation  of  the  light  generated  in  the  junction, 
the  central  junction  was  one  micron  or  less  in  depth.  Epitaxial  silicon 
films  used  fbr  the  diffusion  process  were  of  0.1  ohm-cm  p-type  and 
differed  widely  in  stacking  fault  densities  (1  cm-2  to  6  x  lO*  cm*2) . 
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In  nearly  all  cases,  aicroplasaas  were  observed  under  a  reverse  bias  at 
the  periphery  of  the  central  junction,  the  region  labeled  A  in  Fig.  2. 
Figure  3a  shows  the  top  view  of  a  completed  structure,  and  Fig.  3b 
illustrates  the  aicroplasaas  observed.  These  aicroplasaas  presumably 
occurred  at  dislocations  generated  during  the  foraation  of  the  guard 
junction  by  diffusion,  and  these  dislocations  would  intersect  the 
junction  and  served  as  sites  for  localised  breakdown. 


Figure  1. 


Etch  Figure  of  Surface  Near  tlte  Interface  of  Epitaxial  Silicon 
Grown  on  Low-Resistivity  Boron-Doped  Substrate  (Sirtl  etch,  3  min) 


When  the  guard  ring  test  jtmetion  fabricated  froa  epitaxial  films 
containing  a  high  concentration  of  stacking  faults  was  subjected  to  a 
reverse  bias,  no  aicroplasaas  related  directly  or  indirectly  to  stacking 
faults  were  observed.  When  the  epitaxial  filn  was  etched  before  diffu¬ 
sion,  however,  there  was  a  one-to-one  correspondence  between  aicroplasaa 
breakdown  and  stacking  faults.  Detailed  examinations  indicated  that 
stacking  faults  were  transformed  during  diffusion  into  other  imperfec¬ 
tions  and  that  the  nature  of  the  transformation  was  dependent  on  whether 
the  epitaxial  filn  had  been  etched  prior  to  the  diffusion  process. 

This  phenomenon  is  rather  complex  and  will  not  be  further  discussed 
here. 
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Figure  2. 


Cross  Section  of  Guarded  Junction  Structure 


Figure  3. 

(a)  Top  View  of  a  Guarded  Junction  Structure  (left) 

(b)  Microplasaas  Fron  Guarded  Phosphorus-Diffused  Junction  (right) 
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Besides  imperfections  produced  et  high  dopant  concentrations  due 
to  the  lattice  mismatch,  the  processing  techniques  used  for  diffusion 
nay  also  introduce  imperfections  into  silicon.  The  processing  techni¬ 
ques  are  particularly  important  for  the  fonation  of  shallow  junctions. 
For  mxample,  the  formation  of  "pipes"  through  the  diffused  layer  has 
been  attributed  to  contamination  (12).  The  effects  of  processing  para¬ 
meters.  such  as  the  cleanness  of  the  specimen  surface  and  the  handling 
o:.  specimens,  on  the  properties  of  large-area  shallow  junctions  were 
investigated  in  detail  in  connection  with  our  program  on  power  transis¬ 
tors.  The  transistors  were  fabricated  by  the  double  diffusion  technique 
using  10  ohm-cm  n-type  epitaxial  silicon  films  deposited  on  low  resis¬ 
tivity  n-type  substrates.  The  depth  of  the  base  diffusion  was  5  to  6A , 
and  the  surface  concentration  of  boron  in  silicon  was  approximately 
1018  cm*3.  The  collector  junctions,  approximately  5  cm*  in  area, 
sometimes  exhibitad  high  reverse  currents  at  low  voltagas.  50  *A  or 
higher  at  100V  or  lower.  To  correlate  the  electrical  characteristics 
with  Imperfections  in  epitaxial-dif fused  junctions,  the  specimens  with 
high  reverse  currents  were  made  into  19  mesne,  and  the  junction  area 
of  each  mesa  was  about  20  an2.  It  was  found  that  mesas  with  poor 
characteristics  invariably  had  localisad  areas  with  atch  figures  of 
various  shapes  associated  with  high  concentrations  of  dislocations. 
Several  examples  are  shown  in  Fig.  4  and  5.  The  etch  figures  shown  in 
Fig.  4  wore  most  likely  formed  by  contaminants  on  the  specimen  surface 
before  or  during  the  diffusion  process.  Contaminants  such  as  dust 
particles,  solvent  residues,  impurities  in  the  carrier  gas  of  tha 
diffusants,  ate.,  could  react  with  silicon  at  the  temperature  used  for 
the  diffusion  process,  and  the  stress  resulting  from  such  reactions 
would  be  sufficient  to  generate  dislocations.  Tha  atch  figures  shown 
in  Fig.  5  were  apparently  due  to  tweesor  or  probe  marks  introduced  into 
the  specimen  by  various  handling  processes  before  diffusion,  and  tha 
stresses  caused  by  these  damages  were  relieved  during  the  diffusion 
process  by  the  formation  of  dislocation  networks.  Those  observations 
clearly  illustrate  the  ieportance  of  foreign  contaminants  and  handling 
damage  as  quality-detracting  factors  in  large-area  epitaxial -diffused 
devices.  Imperfections  introduced  by  these  factors  are  more  serious 
in  large  area  devices  than  in  low  power  devices. 

To  further  investigate  the  affects  of  process-induced  imperfections 
on  the  electrical  characteristics  of  epitaxial -diffused  junctions, 
specimens  with  poor  characteristics  wars  subjected  to  a  gettering  pro¬ 
cess  using  phosphorus  pentoxide  at  900*C  for  1/2  hr.  (13).  The  reverse 
characteristics  of  ass as  in  a  large  area  epitaxial-diffused  specimen 
before  and  aftar  tha  gettering  process  are  summarised  in  Table  I,  and 
the  configuration  of  the  mesa  structure  is  shown  in  Fig.  6.  This 
specimen  had  unusually  poor  characteristics  because  of  the  presence 
of  many  localised  areas  of  imperfections.  Since  the  reverse  character¬ 
istics  of  most  of  the  mesas  were  found  to  show  considerable  improvements 
after  the  gettering  process,  the  observed  softness  of  the  junctions  is 
due  partly  to  tha  presence  of  metallic  precipitates.  The  tendency  for 
heavy  metals  to  precipitata  in  the  damaged  area  is  therefore  more  harm¬ 
ful  than  the  dislocations  themselvos  or  the  non-planer  junctions  which 
they  sometimes  cause. 
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Figure  4. 


Etch  Figures  Showing  Clusters. of  Dislocations  in  Epitaxial 
Silicon  Specimens  after  Boron  Diffusion,  Sirtl  Etch,  2  min. 
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Figure  S. 


Etch  Figures  Showing  Deep  Scratches  and  Associated  Dislocations 
in  Epitaxial  Silicon  Specimen*  after  Boron  Diffusion,  Sirtl 
Etch,  2  min. 
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Figure  6. 


Mesa  Structure  Used  for  Evaluating  Quality  of  Snail  Regions 
of  a  Large  Area  Epitaxial  Structure.  The  Slack  Dots  in  the 
Mesas  Are  Regions  Where  Destructive  Breakdown  Occurred  Because 
of  a  Localised  Defect  Area. 

III. 3  Epitaxial  Growth 

In  spite  of  the  extensive  applications  of  diffusion  in  the  fabrica¬ 
tion  of  devices,  it  is  difficult  to  produce  large  area  shallow  junctions 
free  fron  process-induced  dislocations  by  the  diffusion  technique  in  a 
routine  Banner.  On  the  other  hand,  the  epitaxial  growth  technique  in 
which  the  junction  structures  are  produced  during  the  crystal  growth 
process  is  nore  attractive  in  nany  instances.  In  the  power  transistor 
under  consideration,  the  preparation  of  the  base  region  by  the  epitaxial 
growth  technique  sinplifies  considerably  the  fabrication  technique  and 
could  also  provide  better  electrical  characteristics  of  the  collector 
junction.  Experimentally,  a  low  resistivity  p-type  filn  of  a  few  nicrons 
thickness,  the  base  region  of  the  transistor,  was  deposited  subsequent 
to  the  deposition  of  nediui  resistivity  (5-20  ohn-ca)  n-type  epitaxial 
silicon  filn,  the  collector  region,  on  low  resistivity  n-type  "carrier" 
substrates.  Large  area  epitaxial  p-n  junctions  prepared  in  this  Benner 
usually  exhibited  good  electrical  characteristics;  the  characteristics 
of  aesas  in  a  speciaen  axe  given  in  Table  I  for  comparison.  The  large 
area  epitaxial  p-n  structures,  after  enitter  diffusion,  have  produced 
transistors  with  reasonably  good  characteristics,  as  shown  in  Table  II. 
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Table  1 


IV  Characteristics  of  Me tat  in  Diffused  and  Epitaxial  P-N  Junctions 


Mesa 

— ■iinv  ''"I'rj 

T-mrrmmmm—m 

miAnxmnxiTm 

1 

2 

30V,  80*A 

80V,  5aA 

200V,  laA 

3 

80V,  80*4 

6SV,  5aA 

200V,  laA 

4 

200V,  ISaA 

NO  CHANGE 

200V,  2aA 

S 

200V,  5aA 

NO  CHANGE 

200V,  laA 

6 

10V,  SOmA 

70V,  90aA 

200V,  laA 

7 

33V,  90aA 

50V,  90aA 

200V,  2aA 

8 

200V,  15mA 

NO  CHANGE 

200V,  laA 

9 

200 V,  ISsA 

NO  CHANGE 

200V,  laA 

10 

200V 0  BsA 

NO  CHANGE 

200V,  SaA 

11 

90V,  SOaA 

SHORT 

200V,  3aA 

12 

40V,  30aA 

100V,  50&A 

200V,  4aA 

13 

100V,  90aA 

SHORT 

200V,  SaA 

14 

160V,  SOaA 

SHORT 

200V,  laA 

15 

40V,  50aA 

100V,  ISaA 

200V,  2aA 

16 

90V,  80aA 

100 V,  10mA 

180V,  laA 

17 

6V,  SOuA 

BOV,  90aA 

180V,  2aA 

18 

36V,  90mA 

100V,  SOaA 

180V,  laA 

19 

32V,  90aA 

100V,  lOaA 

180V,  2aA 

12L 

Table  II 

of  Characteristics  of  Lane  Area  Epitaxial  Base  Transistors 

VCE 

VCB 

hFE  at  10A 

1. 

170V  at  laA 

17SV  at  laA 

15 

2. 

120V  at  lOaA 

130V  at  lOaA 

33 

3. 

120V  at  20aA 

130V  at  20aA 

15 
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IV.  Summary  and  Conclusions 

Structural  imperf ictions  in  epitaxial  and  epitaxial -diffused 
silicon  fi-las  are  presumably  the  ultimate  limitations  on  the  reliability 
of  large-area  epitaxial  diffused  devices.  They  are  eore  serious  in 
large  area,  high  power  devices  than  in  low  power  devices  since  one 
major  imperfect icn  in  a  wafer  would  cause  the  failure  of  the  large 
area  device. 

The  coaeonly  observed  imperfections  in  epitaxial  silicon  films  are 
dislocations,  stacking  faults,  growth  pyramids,  and  polycrystalline 
inclusions.  Iheir  principal  causes  of  formation  and  effects  on  device 
properties  are  summarized  in  Table  XII.  All  these  imperfections  have 
adverse  effects  of  varying  degrees  on  dsvics  characteristics,  the  poly¬ 
crystalline  inclusions  being  the  most  harmful.  Except  those  propagated 
from  the  substrate,  structural  inperfections  in  epitaxial  films  can  be 
essentially  eliminated  by  using  proper  growth  techniques  thereby  Mini¬ 
mizing  the  failure  of  devices. 

Structural  imperfections  in  diffused  silicon  could  be  inherent 
from  the  diffusion  process  or  introduced  by  processing  techniques,  as 
suamarised  in  Table  III.  Optical  examinations  and  microplasaa  effects 
have  been  used  to  study  the  affects  of  dopant  diffusion  in  epitaxial 
silicon  films.  The  process-induced  imperfections,  mostly  in  the  form 
of  localized  areas  of  high  dislocation  density,  have  been  observed  in 
large -are a  epitsxial-diffused  silicon  films  due  to  contaminations  and 
improper  handling  techniques.  These  imperfections  have  been  shown  to  be 
responsible  for  the  softness  of  p-n  junctions  by  providing  preferential 
sites  for  the  precipitation  of  metallic  precipitates.  The  cleanness  of 
the  diffusion  process  end  the  proper  handling  of  specimens  are  therefore 
important  in  reducing  the  process-induced  imperfections. 

The  epitaxial  growth  technique  may  be  used  in  place  of  diffusion 
in  reducing  the  failure  of  certain  diffused  devices.  It  has  been 
shown  that  in  the  fabrication  of  power  transistors,  tho  use  of  epitaxial 
base  has  improved  the  characteristics  of  tho  collector  junction  and 
simplified  tho  fabrication  process. 
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Table  XII.  Imperfections  in  Epitaxial  and  Diffused  Silicon 
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INTRODUCTION 

The  concept  of  step  stress  testing,  briefly  stated,  is 
to  accelerate  time-dependent  failure  modes  by  increasing 
stress  levels  in  discrete  steps  until  a  large  percentage  of 
the  test  sample  fails  in  a  relatively  short  time  span.  The 
failure  modes  observed  are  assumed  to  be  active  at  lower 
levels  and  would  have  caused  failures  after  extended  times. 
"Time  compression"  by  the  utilization  of  step  stress  tech¬ 
niques  is  desirable;  however,  the  failure  modes  observed 
must  be  carefully  screened  to  determine  whether  or  not  they 
would  have  occurred  at  lower  stress  levels.  If,  indeed,  it 
can  be  shown  that  the  failure  modes  observed  would  not  occur 
at  lower  levels,  no  useful  information  has  been  obtained. 
Simple  laboratory  tests  may  be  used  to  determine  the  onset 
of  failures  that  would  not  occur  at  normal  "use"  conditions. 
It  is  the  intent  of  this  paper  to  describe  certain  examples 
for  determining  upper  stress  limits  for  the  step  stress 
testing  of  integrated  circuits. 

The  word  stress  denotes  the  act  of  subjecting  a  device 
to  mechanical,  thermal,  and/or  electrical  factors  which 
cause  the  device  to  deviate  from  its  equilibrium  condition. 
The  particular  examples  chosen  in  this  paper  will  be  re¬ 
stricted  to  the  simultaneous  application  of  thermal  and 
electrical  stress.  Thermal-electrical  stress  can  be  stepped 
in  three  obvious  ways : 

(1)  increase  electrical  power  dissipation  with 
ambient  temperature  fixed, 

(2)  increase  ambient  temperature  with  power 
dissipation  held  constant,  and 

(3)  simultaneous  increase  of  ambient  temperature 
and  power  dissipation. 
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To  determine  the  useful  maximum  limits  for  the  preceding 
tests,  consider  the  following  stress  limitations: 

(1)  bar  temperature  must  not  be  increased  beyond 
the  eutectic  point  of  the  materials  composing 
the  units, 

(2)  bar  temperature  must  not  be  such  that  thermal 
biasing  of  components  occurs , 

(3)  reverse  voltages  across  p-n  junctions  must  be 
less  than  the  reverse  breakdowns  of  these 
junctions  unless  current  flow  is  limited  to 
prevent  violation  of  items  (1)  and  (2) ,  and 

(4)  the  operating  test  circuit  must  be  transient 
free  to  prevent  transient  latch-on  of  p-n-p-n 
action . 

Eutectic  Limitation 


'.hen  the  eutectic  point  of  the  materials  comprising 
the  unit  is  surpassed,  the  unit  will  become  a  molten  mass 
resulting  in  device  destruction  (one  example  is  the  gold- 
silicon  eutectic  which  occurs  at  370°C) ;  hence,  bar  tem¬ 
peratures  should  not  exceed  or  reach  this  temperature.  This 
obvious  limitation  is  often  violated  by  designers  of  step 
stress  tests. 

Thermal  Biasing  Limitation 

Thermal  biasing  refers  to  thermally  generated  tran¬ 
sistor  action  which  occurs  when  the  impurity  carrier  con¬ 
centration  of  a  doped  material  becomes  "swamped"  by  the 
thermal,  generation  of  carriers.  Figure  1^-  gives  the  be¬ 
havior  of  the  resistivity  as  a  function  of  temperature  for 
n  type  (phosphorous)  silicon.  Figure  21  gives  this  infor¬ 
mation  for  p  type  (boron)  silicon.  As  may  be  observed,  the 
resistivity  of  both  n  and  p  type  silicon  increased  with 
temperature  to  a  maximum  value,  then  decreases  as  tempera¬ 
ture  is  further  increased.  The  region  of  negative  slope  is 
the  intrinsic  range  of  the  impurity  semiconductor  and  is 
caused  by  thermal  generation.  The  materials  having  the 
lower  acceptor  or  donor  concentration  are  more  susceptible 
to  the  onset  of  the  intrinsic  region.  For  example,  an  n 
type  material  with  lO1^  phosphorous  atoms/cubic  centimeter 
will  begin  to  decrease  in  resistivity  when  its  temperature 
exceeds  100°C.  A  p  type  material  with  1020  boron  atoms/ 
cubic  centimeter  will  surpass  1000°C  before  carriers  pro¬ 
duced  by  thermal  generation  "swamp"  out  impurity  carrier 
concentration . 

To  illustrate  how  the  resistivity  behavior  with  tem¬ 
perature  produces  thermal  biasing  consider  the  following 
example.  Suppose  three  regions  are  juxtaposed  such  that  an 
n  type  region  of  10^5  atoms/cubic  centimeter  is  sandwiched 
between  two  regions  of  p  type  doping  of  levels  1016  and  10^3 
atoms/cubic  centimeter  respectively.  Further  suppose  that 
their  cross  sectional  areas  are  identical  and  the  10 and 
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1013  regions  a re  the  sane  thickness  while  the  1015  region 
,is  very  thin  in  comparison  (effectively  of  zero  resistance) . 
Place  a  bias  of  15  volts  across  these  three  layers  with 
1016  being  the  most  positive  terminal,  These  regions  may 
be  viewed  as  a  resistor  voltage  divider  where  the  potential 
of  the  n  region  with  respect  to  the  1016  p  region  is 

,  _ P  1016  , . 

v10l6 — >iol5  “  “  13  +>d1o16 

At  0°C,  the  ratio  of  resistivities  in  the  preceding 
equation  may  be  determined  from  Figure  2  to  be  .001;  hence, 
the  potential  of  the  n  region  with  respect  to  the  lO-*-6  p 
region  is  -.015  volts.  The  effective  transistor  is  turned 
"off".  At  200SC,  the  ratio  of  resistivities  is  approxi¬ 
mately  .04  and  the  potential  would  be  -.6  volts.  The  effec¬ 
tive  transistor  would  be  biased  "on" .  This  thermally  gene¬ 
rated  transistor  action  will  be  referred  to  as  thermal 
biasing . 

Reverse  Voltage  Limitation 

Reverse  voltages  that  exceed  breakdown  voltages  of  p-n 
junctions  coupled  with  unlimited  current  produce  high  power 
dissipation  leading  to  increase  in  bar  temperature .  This 
increased  temperature  may  result  in  thermal  biasing  of  other 
components  and/or  eutectic  formation. 

Transient  Limitation 

Any  four  layer  device  may  serve  as  a  p-n-p-n  rectifier2 
and  transients  may  act  as  a  gating  signal  causing  "latch-on" 
and  device  destruction  due  to  increased  bar  temperature. 

Further  Clarification  of  the 
Preceding  Stress  Limitation 

To  further  clarify  the  preceding  stress  limitations, 
a  discussion  of  their  effect  upon  integrated  circuit  com¬ 
ponents  and  their  parasitic  components  will  be  presented. 
This  discussion  will  be  restricted  to  triple  diffused,  mono¬ 
lithic  integrated  circuits  that  utilize  reverse  p-n  junction 
isolation.  Also,  the  above  discussion  of  the  eutectic  point 
limitation  is  adequate  and  will  not  be  discussed  further. 

Component  Transistors  of  Integrated  Circuits 

A  typical  diffusion  profile  of  an  n-p-n  transistor  is 
shown  in  Figure  3 .  The  basic  substrate  material  is  p  type 
(boron  doped)  silicon  into  which  successive  n  (phosphorous) , 
p  (boron) ,  and  n+  (phosphorous)  diffusions  are  made  to  form 
the  collector,  base  and  Knitter  regions  of  the  transistor. 
The  electrical  equivalent  circuit  as  shown  in  Figure  4  may 
he  described  as  two  transistors;  namely,  an  n-p-n  transistor 
and  a  p-n-p  transistor.  The  upper  three  layers  form  the 
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n-p-n,  and  the  lower  three  la; 
interjacent  layers  are  common 


yers  form  the  p-n-p.  T 
to  both  transistors. 
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Figure  1 
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RESISTIVITY  VERSUS  TEMP.  FOR  "P*  TYPE  SILICON 


Figure  2 
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Thermal  Biasing  Limitation  of 
Integrated  Circuit  Transistors 


Examination  of  the  equivalent  circuit  shown  in 
Figure  4  reveals  that  transistors  whose  bases  are  floating; 
i.e.,  no  external  electrical  connection  to  the  base,  are 
particularly  susceptible  to  thermal  biasing.  The  hypotheti¬ 
cal  transistor  discussed  above  is  a  direct  analogy  to  this 
situation.  The  parasitic  p-n-p  transistor  of  an  n-p-n 
transistor  is  also  susceptible  if  the  collector  of  the 
n-p-n  (the  base  of  the  parasitic  p-n-p)  is  floating.  How¬ 
ever,  general  practice  by  designers  of  step  stress  tests  is 
to  turn-off  components  (reverse-bias  stress)  or  turn  them 
on  into  their  saturation  condition  (power  dissipation 
stress) .  This  prevents  thermal  biasing  as  bases  are  gene¬ 
rally  biased  externally  and  not  allowed  to  float.  Also,  the 
doping  level  of  the  emitter,  base  and  collector  regions  of 
the  n-p-n  are  high  and  the  intrinsic  region  lies  above  the 
eutectic  point  of  the  contact  in  silicon  systems.  This  is 
hot  true,  however,  in  general  for  the  parasitic  p-n-p 
transistor. 

Reverse  Voltage  Limitation  for 
Integrated  Circuits  Transistors 

In  designing  a  step  stress  test,  consideration  should 
be  given  to  the  fact  that  resistivity  shifts  with  tempera¬ 
ture;  hence,  reverse  breakdown  voltages  shift  to  lower 
values  when  the  silicon  is  thermally  driven  into  its  in¬ 
trinsic  region.  Driving  any  of  the  junctions  of  the  tran¬ 
sistor  into  avalanche  and  not  limiting  Current  will  produce 
high  power  dissipation  resulting  in  localized  eutectic  for¬ 
mation  and/or  thermal  biasing  of  neighboring  components. 
Hence,  failure  to  observe  this  limitation  will  lead  to  the 
-meaningless  information  that  a  unit  can  indeed  be  melted. 

Transient  Limitation  for 
Integrated  Circuit  Transistors 

Examination  of  the  equivalent  circuit  shown  in 
Figure  4  reveals  that  the  transistor  and  its  parasitic 
transistor  are  not  equivalent  to  the  two  transistor  analogy 
of  a  p-n-p-n  controlled  rectifier.  The  basic  difference  ■ 
lies  in  the  mode  of  bias  application;  namely,  the  polarity 
is  reversed.  Hence,  the  transistor  is  in  general  not 
,directly  subject  to  transient  latch-on  of  p-n-p-n  action. 

Component  Diodes  of  Integrated  Circuits 

A  typical  diffusion  profile  of  a  diode  is  shown  in 
Figure  5.  The  basic  substrate  material  is  p  type  (boron 
doped)  silicon  into  which  successive  n  (phosphorous) ,  p 
(boron) ,  and  n+  (phosphorous)  diffusions  are  made  to  form 
the  diode  isolation  tank,  its  cathode,  and  its  anode.  By 
comparing  Figures  3  and  5,  it  is  easily  seen  that  the 
diffusion  profile  of  a  diode  and  a  transistor  are  identical. 
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Hence,  the  equivalent  circuit  of  the  diode  shown  in  Figure  6 
is  the  same  as  that  of  the  transistor  shown  in  Figure  4. 

This  basic  structure  may  be  modified  into  the  following 
diodes: 

(1)  a  diode  with  low  reverse  breakdown  and 
normal  forward  voltage  characteristic, 

(2)  a  diode  with  a  high  reverse  breakdown  and 
normal  forward  voltage  characteristic,  and 

(3)  a  zener  diode. 

Type  (1)  diode  is  formed  by  either  electrically  connecting 
the  diode  isolation  tank  to  the  cathode  or  allowing  the  tank 
to  "float”.  The  reverse  breakdown  is  the  same  as  the  re¬ 
verse  emitter-base  breakdown  voltage  of  the  n-p-n  transis¬ 
tors.  Type  (2)  diode  is  formed  by  using  the  diode  isolation 
tank  as  a  cathode.  Hence,  its  reverse  breakdown  is  the  same 
as  the  collector-base  breakdown  of  the  n-p-n  transistors. 

A  zener  diode  may  be  formed  by  adjusting  the  resistivity 
of  the  isolation  tank  until  it  is  equivalent  to  that  of  the 
final  n  diffusion.  By  making  electrical  contact  to  the  n 
regions,  a  zener  diode  with  essentially  an  emitter-base 
reverse  breakdown  under  both  voltage  polarity  conditions 
is  formed. 


DIODE 

TYPICAL  DIFFUSION  PROFILE 


265 


DIODE 

MRAtme  EQUIVALENT 


Thermal  Biasing  Limitation  for 
Integrated  Circuit  Diodes 

Examination  of  the  equivalent  circuit  shown  in 
Figure  6  reveals  that  diodes  whose  isolation  tanks  are 
floating  are  particularly  susceptible  to  thermal  biasing. 

The  hypothetical  transistor  discussed  above  is  a  direct 
analogy  to  this  situation.  Diodes  whose  isolation  tanks 
are  ohmically  connected  to  their  anodes  are  not  subject  to 
thermal  biasing. 

Reverse  Voltage  Limitation  for 
Integrated  Circuit  Diodes 

The  remarks  about  the  application  of  this  limitation 
to  transistors  are  applicable  and  need  no  further  discussion. 

Transient  Limitation  for 
Integrated  Circuit  Diodes 

The  diode,  as  the  transistor,  is  not  in  .general  sub¬ 
ject  to  the  transient  latch-on  of  p-n-p-n  action. 

Component  Capacitors  of  Integrated  Circuits 

A  typical  diffusion  profile  of  a  capacitor  is  shown 
in  Figure  7.  The  order  and  type  of  diffusions  are  identical 
to  those  for  the  formation  of  an  n-p-n  transistor.  The 
diffusions  differ  only  in  regard  to  their  placement.  The 
final  n+  diffusion  is  not  centered  in  the  p  diffusion; 
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rather,,  it  overlaps  the  n  diffusion  and  leaves  a  section  of 
the  p  diffusion  exposed  as  shown  in  Figure  7.  The  n+  t'nd 
n  diffusions  form  one  plate  of  the  capacitor,  and  the  p 
diffusion  serves  as  the  other,  i.e.,  the  p-n/n+  junction 
formed  is  reverse  biased,  and  the  resultant  depletion  layer 
forms  the  capacitor. 


CAPACITOR 

rr«CAL  DIFFUSION  MIOFIU 


The  equivalent  circuit  of  the  capacitor  is  given  in 
Figure  8.  It  can  be  represented  by  a  p-n-p  transistor'. 

The  n+  and  n  diffusions  serve  as  the  base,  the  p  type  sub¬ 
strate  as  the  collector,  and  the  p  diffusion  as  the'  emitter. 

✓ 

The  capacitor  is  not  sensitive  to  the  above  discussed 
limitations  of  transistors  and  diodes.  Thermal  biasing  can 
be  neglected  since  the  junctions  of  the  capacitor  are  formed 
from  heavily  doped  material;  therefore,  the  intrinsic  tem¬ 
perature  range  is  high.  Transient  latch-on  can  be  ignored 
as  the  device  is  three  layered.  Reverse  voltage  limita¬ 
tions  must  be  observed,  but  the  heavy  doping  levels  prevent 
shifting  of  reverse  breakdown  voltages. 

Component  Resistors  of  Integrated  Circuits 

Resistors  are  formed  by  two  successive  diffusions, 
n  type  and  p  type,  respectively,  into  a  p  type  substrate. 

See  Figure  9.  The  n  diffusion  forms  the  resistor  isolation 
tank  and  the  narrow  p  diffusion  forms  the  resistor. 
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CAPACITOR 

PARASITIC  (OUIVALINT 


Figure  8 


RESISTOR 

TYPICAL  DIFFUSION  PROFILE 


Figure  9 
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The  electrical  equivalent  of  the  resistor  (refer  to 
Figure  10)  is  a  dual  emitter  p-n-p  transistor  with  a  re¬ 
sistor  connecting  its  emitters.  The  base  of  the  p-n-p  is 
the  resistor  isolation  tank,  and  its  collector  is  the  sub¬ 
strate.  The  resistor  is  not  directly  subject  to  p-n-p-n 
latch-on  as  it  is  a  three  layer  device.  It  is  sensitive  to 
the  reverse  voltage  limitation  in  the  same  manner  as  the 
transistor  and  diode.  Hence,  the  remarks  made  earlier  are 
again  applicable.  The  resistor  is  exceptionally  sensitive 
to  thermal  biasing.  The  resistor  isolation  tank  may  or  may 
not  be  externally  biased.  Consider  first  the  case  where  it 
is  not  biased.  Here  the  hypothetical  transistor  discussed 
above  is  again  a  direct  analogy;  namely,  the  elevation  of 
temperature  shifts  the  silicon  to  its  intrinsic  range  and 
causes  the  voltage  of  the  tank  to  move  toward  that  of  the 
substrate.  As  this  happens,  it  becomes  forward  biased  with 
respect  to  the  resistor,  and  the  equivalent  p-n-p  transistor 
turns-on  leading  in  many  cases  to  device  destruction.  If 
the  tank  is  externally  biased,  this  tendency  is  reduced  but 
not  eliminated  because  it  is  of  large  geometry  and  hence, 
is  difficult  to  maintain  at  a  particular  bias.  In  other 
words,  voltage  gradients  across  the  tank  are  generated  by 
the  application  of  temperature.  These  gradients  allow 
thermal  biasing  of  the  resistor  isolation  tank  leading  to 
turn-on . 


RESISTOR 

MRAMTIC  EQUIVALENT 


Figure  10 


Two  examples  of  devices  that  failed  because  their 
temperature  capabilities  were  exceeded  will  now  be  discussed. 

The  SN355  was  subjected  to  an  operating  step  stress 
test.  This  test  was  performed  by  applying  constant  power 
biasing  with  increased  ambient  temperature  at  each  stress 
level.  The  biasing  circuit  is  shown  in  Figure  11.  The 
components  within  the  dotted  line  comprise  the  integrated 
circuit  while  the  outside  components  furnish  bias.  Voltage 
nodes  are  also  included. 


SN35S  DRIVER  SWITCH 
OPERATING  STEP 
STRESS  SCHEMATIC 

60.26V 
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Figure  12  graphs  cumulative  percent  failure  as  a 
function  of  bar  temperature  for  the  step  stress  test.  Bar 
temperature  was  determined  by  the  equation 

Tb  -  Ta  +  <P)  (6j), 

where  Tfc  «  Bar  temperature  in  'C 

Ta  “  Ambient  temperature  in  °C 

P  -  Power  dissipation  in  mw 

©j  -  Thermal  conductivity  in  °C/mw. 

The  graph  shows  .1  sharp  increase  in  the  rate  of  failure 
after  the  bar  temperature  exceeded  200°C. 


MR  TEMPERATURE  VS  CUMULATIVE  %  FAILURE 
SRSSB  DRIVE  SWITCH 
OPERATIMS  STEP  STRESS 


Figure  12 


Examination  of  the  failures  revealed  melted  evaporated 
leads  in  all  cases  on  the  pin  8  side  of  the  R2,  R3,  and  R4 
resistor.  Figure  13  is  a  photomicrograph  of  the  bar  with 
arrows  to  indicate  the  location  of  the  open  leads.  The 
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photomicrograph  also  reveals  the  resistor  isolation  tanks 
are  not  biased  on  this  bar  design. 


Figure  13 

PHOTOMICROGRAPH  OF  SN355  BAR 
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A  study  of  the  operating  circuit  indicates  that 
sufficient  current  to  melt  the  leads  could  not  have  passed 
through  the  surface  resistors,  but  instead  passed  through 
the  resistor  window  and  down  to  the  substrate.  This  theory 
was  verified  by  opening  the  evaporated  leads  across  the  re¬ 
sistors  from  pin  8  and  observing  that  when  the  bar  tempera¬ 
ture  was  increased  above  200°C,  the  evaporated  leads  melted 
on  the  pin  8  side  cf  the  resistors.  Material  resistivities 
and  temperatures  attained  correlate  well  with  the  thermal 
generation  theory  discussed  earlier. 

It  was  concluded  that  this  device  failed  due  to  a 
thermally  generated  transistor  action  when  subjected  to  bar 
temperatures  above  200°C  and  that  meaningful  step  stress 
information  cannot  be  obtained  above  200® C. 

The  SN341  was  subjected  to  an  operating  step  stress 
test  which  was  performed  by  applying  constant  power  biasing 
with  increased  ambient  temperatures  at  each  stress  level. 
The  biasing  circuit  is  shown  in  Figure  14.  Components 
outside  the  dotted  line  supply  bias  for  the  integrated 
circuit  within  the  dotted  line.  Voltage  nodes  are  included 
to  show  the  operational  conditions. 

Figure  15  graphs  the  cumulative  percent  failure  versus 
the  bar  temperature  for  the  step  stress  test.  Bar  tempera¬ 
ture  was  determined  by  the  equation  used  in  the  previous 
example.  The  graph  shows  a  marked  increase  in  rate  of 
failure  as  the  bar  temperature  surpasses  300°C. 

An  examination  of  the  taxied  devices  revealed  melted 
leads  at  several  places  on  the  bar  (see  Figure  16) .  These 
melted  leads  are  associated  with  the  5.9K  resistor,  the 
1 .OK  resistor,  the  output  transistor,  and  the  substrate. 
Since  the  melted  leads  are  associated  with  only  the  above 
mentioned  components ,  a  study  of  the  diffusion  profile  of 
these  components  is  desirable.  Figure  17  is  the  diffusion 
profile  of  the  5.9K  resistor,  the  1.0K  resistor  and  the 
output  transistor  in  their  biased  condition.  Figure  18  has 
included  in  the  profile,  a  parasitic  equivalent.  Observe 
that  thermally  generated  transistor  actions  at  the  two 
resistor  diffusions  has  created  a  current  path  through  the 
substrate  material  to  its  bias  tap.  This  current  path  has 
caused  a  voltage  gradient  to  exist  across  the  substrate 
material.  The  voltage  gradient  has  raised  the  substrate 
potential  beneath  the  collector  of  the  output  transistor 
to  a  p-n  diode  above  the  "on"  V^e  of  the  collector  which 
allows  substrate  current  to  flow  into  the  collector  of  the 
"on"  transistor.  The  failure  .indicators  are  melted  evapo¬ 
rated  leads  along  the  current  paths. 

It  is  concluded  that  meaningful  step  stress  informa¬ 
tion  cannot  be  obtained  if  the  device  is  operated  at  bar 
temperatures  above  300°C. 
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SN34I  NANO  SATE 
OPERATING  STEP 
STRESS  SCHEMATIC 
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BAR  TEMPERATURE  VS  CUMULATIVE  %  FAILURES 


SR 341  RANO  SATE 
OPERATING  STEP  STRESS 
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Figure  15 


Figure  16 

PHOTOMICROGRAPH  OF  SN341  BAR 
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Figure  17 


SW4I  NANO  SATE 

EQUIVALENT  PARASITIC  COMPONENT  LAYOUT 
AND  ILLUSTRATED  PARASITIC* 


1S.0V  0.*V  O.ov 


Figure  18 
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Reliability  information  for  integrated  circuits  is 
extremely  difficult  to  obtain.  Process  improvements  and 
major  breakthroughs  in  the  "state  of  the  art"  have  pushed 
the  reliability  of  integrated  circuits  extremely  high. 
Reliability  engineers  must  depend  on  accelerated  life  test¬ 
ing  to  obtain  the  required  reliability  information.  There 
are  limits  to  accelerated  life  testing  which,  if  exceeded, 
preclude  the  possibility  of  obtaining  useful  data.  Simple 
laboratory  testa,  such  as  those  described  above,  on  a  few 
devices  can  reveal  the  onset  of  these  limitations  and  allow 
the  maximum  information  to  be  obtained. 
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INTRODUCTION 

This  paper  describes  a  study  of  the  fundamental  thermo- 
physics  of  silicon  epitaxial  power  transistors  with  emphasis 
on  obtaining  quantitative  agreement  between  analytical  calcu¬ 
lations  of  junction  temperature  variations  and  experimental 
temperature  profiles  obtained  with  an  infrared  microradiom- 
eter.  These  temperature  distributions  are  a  prime  manifesta¬ 
tion  of  thermal-electrical  interactions  which  affect  the 
performance  and  reliability  of  the  device.  Obtaining  quanti¬ 
tative  agreement  requires  an  accurate  model  representing  the 
heat  conduction  problem,  a  realistic  energy  dissipation 
distribution  for  correct  boundary  conditions,  and  accurate 
experimental  temperature  profile  data. 

A  commercial  NPN  silicon  epitaxial  power  transistor  was 
chosen  for  detailed  study  in  this  analysis  for  several 
reasons:  (1)  Its  common  comb-type  structure  shown  in 

Figure  1  is  typical  of  geometries  used  for  most  high-frequency 
power  transistors.  The  wafer  is  100  x  100  mils.  The  dotted 
line  indicates  the  emitter  diffusion  outline  and  the  cross- 
hatched  areas  are  emitter  and  base  contact  metalization. 

(2)  The  9-mil  emitter  finger  width  allows  detailed  tempera¬ 
ture  variations  across  the  emitters  to  be  observed  by  the 
infrared  micr or adicmstar,  which  has  a.  resolution  of  1.5  mil. 


*  This  work  is  being  supported  by  Rome  Air  Development 
Center,  U.S.  Air  Force  under  Contract  AF  30  (602)  3727. 
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Figure  1 

Surface  Geometry  of  Test  Transistor 


(3)  Analytical  results  and  understanding  resulting  from  this 
study  should  be  extendable  to  devices  designed  for  U3e  at 
either  higher  frequency  (smaller  geometry)  or  higher  power 
(larger  geometry) .  (4)  Volume  production  insures  applicability 
of  the  results  and  availability  of  detailed  information  on 
device  characteristics  and  design. 


INFRARED  PROFILE  EXPERIMENTS 

The  infrared  microradiometer  used  in  this  study  con¬ 
sists  basically  of  an  InSb  photodetector  that  is  sensitive  to 
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infrared  radiation  in  the  2  to  5.6  m.  range.  Radiation  is 
collected  from  a  1.5  mil  spot  and  focused  on  the  detector  by 
a  15X  Beck  reflective  objective  lens.  Amplification  is 
achieved  by  chopping  the  radiation  below  the  objective  and 
using  a  phase-sensitive  ac  amplifier.  A  reference  chamber  is 
provided  into  which  the  detector  looks  when  the  mirrored 
chopper  blade  is  interrupting  the  source  radiation.  The 
detector  and  reference  chamber  are  maintained  at  77’K  by 
liquid  N2  dewars.  This  instrument  has  a  sensitivity  of 
0.5*K  and  an  absolute  accuracy  of  about  1.0* K  at  300°  K  for  a 
black  body.  Subjects  are  mounted  on  an  X-Y  stage  which  has 
an  automatic  X  drive  with  a  manual  Y  adjustment.  A  position 
signal  is  obtained  from  a  multi-turn  potentiometer  connected 
to  the  drive  mechanism.  Infrared  profiles  are  obtained  by 
recording  the  amplifier  output  (infrared  signal)  vs.  the 
position  signal  on  an  x-Y  recorder. 

In  order  to  convert  the  output  signal  of  the  instru¬ 
ment  to  actual  temperature,  the  emissivity  of  the  device 
surface  must  be  known  at  every  point.  This  poses  a  serious 
problem  when  the  surface  temperature  of  a  semiconductor 
device  is  dtesired.  Generally,  the  emissivity  varies  on  the 
surface  front  less  than  .05  on  the  metal  contact  areas  to  an 
apparent  value  of  .6  to  .8  on  the  silicon.-.  The  silicon 
actually  is  not  opaque  to  radiation  in  the  2  to  5.6 m 
region  so  that  the  radiation  signal  originates  from  within 
the  device.  This  situation  not  only  distorts  the  thermal 
picture  but  introduces  unknown  variations  which  preclude 
quantitative  measurement  of  surface  temperature.  It  is 
essential,  therefore,  to  use  some  method  of  controlling 
surface  emissivity. 

Several  coatings  were  studied  to  determine  their  capa¬ 
bility  to  provide  uniform  high-emissivity  surfaces. 

Figure  2  shows  reflectance  measurements  on  three  sample 
coatings.  This  data  was  obtained ’'by  applying  the  coating  to 
a  silver  mirror  surface  and  measuring  the  reflection  spec¬ 
trum  with  s  Perkin-Elmer  Model  337  Infrared  Spectrophotometer. 
Since  emissivity  in  this  case  is  one  minus  reflectance,  a 
1  percent  reflectance  corresponds  to  an  emissivity  of  .99. 
Although  3M  Black  gives  a  higher  emissivity,  it  requires  a 
4-mil  thickness  to  obtain  uniform  coverage,  Krylon,  on  the 
other  hand,  also  gives  better  than  .99  emissi’  :ty  and  only 

requires  a  0.2  mil  thickness'.  Although'  both ' have  very  high . 

resistivities,  3M  Black  is  at  least  an  order  of  magnitude 
better  than  Krylon.  Parsons  has  several  strong  absorption 
lines  in  the  4  to  6(i  region  causing  it  to  have  the  lowest 
emissivity?  therefore,  in  device  testing,  3M  Black  has  been 
used  to  obtain  contour  maps  and  Krylon  has  been  used  to  obtain 
detailed  temperature  profiles. 
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Figure  2 

i 

Infrared  Reflectance  of  Emissivity  Control  Coatings 


Transistors  were  tested  at  steady  state  conditions 
using  a  common-emitter  circuit  with  conventional  power 
supplies.  Thermocouples  were  mounted  on  the  header  adjacent 
to  the  chip  to  record  the  true  stud  temperature  during  oper¬ 
ation.  Continuous  scans  were  made  at  5-mil  intervals  across 
the  chip.  Isothermal  contour  maps  are  obtained  from  this 
data  by  plotting  the  location  of  incremental  temperatures  on 
a  map  of  the  transistor  surface.  Figures  3  and  4  show 
.typical  isothermal  contour  - maps  obtained  with- 3M  -Black  -coat— — 
ing  for  two  test  conditions.  Figure  3  was  obtained  with 
Ic  =  5  amps  and  Vce  M  1°  volts.  This  map  indicates  nearly 
uniform  heat  dissipation  across  the  active  area  of  the 
device.  The  longer  emitter  fingers  produced  proportionately 
larger  heating  than  the  shorter  ones.  The  maximum  tempera¬ 
ture  of  125* C  occurs  near  the  center  on  the  long  emitter  side. 
In  general,  this  isothermal  map  is  quite  reasonable  and 
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Figure  3 

Isothermal  Contour  Map  of  Transistor  Surface 


indicates  approximately  uniform  current  distribution  over 
the  emitter  fingers.  Figure  4  was  obtained  with 
IC  =  2  amps  and  VCE  =  25  volts.  These  parameters  produced  a 
significant  change  in  temperature  distribution.  The  maximum 
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Figure  4 

Isothermal  Contour  Map  of  Transistor  Surface 


surface  temperature  near  the  center  on  the  long  emitter  side 
has  now  increased  to  195'  C,  while  the  outer  areas  of  the 
device  remain  at  a  lower  temperature.  Although  hot  spot 
formation  has  previously  been  predicted  and  qualitatively 
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observed,  the  contour  maps  shown  in  Figures  3  and  4  are 
quantitative  and  were  obtained  at  the  same  total  power  dissi¬ 
pation.  This  indicates  a  mechanism  other  than  power  level 
causing  current  concentration,  resulting  in  local  heating 
and  hot  spots.  Contour  maps  also  were  obtained  with  con¬ 
stant  collector-emitter  voltage  (V<-.E) ,  constant  collector 
current  (Ic) ,  and  constant  base  emitter  voltage  (VBE)  to 
determine  the  relative  importance  of  those  parameters .  At 
sufficiently  high  voltages  (VCE  S  20  v) ,  hot  spots  developed 
in  each  case  as  power  level  increased.  The  increase  in 
current  concentration  with  increasing  Ic  for  the  fconstant 
VcE  case  is  particularly  significant  in  that  higher  Ic 
values  did  not  result  in  more  uniform  distribution  as  pre- 
&j|^t£d  from  Figures  3  and  4 .  Tests  with  varying  case 
temperature  showed  that  case  temperature  level  was  not  a 
significant  factor  in  the  development  of  hot  spots. 

Several  devices  were  deliberately  destroyed  after  ob¬ 
taining  temperature  contour  data.  Examination  of  these 
devices  showed  local  melting  of  the  aluminum  contacts  in 
regions  exactly  corresponding  to  the  maximum  temperature 
regions  observed  with  the  infrared  microradiometer. 


ENERGY  DISSIPATION  STUDIES 

In  order  to  correctly  interpret  the  experimental 
results  and  obtain  a  valid  model  for  the  thermal  character¬ 
istics,  it  is  necessary  to  understand  the  mechanisms  and 
location  of  energy  dissipation  in  transistors.  Energy  is 
dissipated  in  a  transistor  in  several  ways.  Potential 
energy  is  lost  by  the  electrons  as  they  come  to  thermal 
equilibrium  in  the  depletion  region  near  the  collector-base 
junction.  This  energy  is  absorbed  by  the  lattice  in  the 
thermalization  process.  A  similar  change  of  energy  distribu¬ 
tion  occurs  in  the  emitter.  In  this  case,  however,  the 
lattice  must  give  up  energy  to  thermalize  the  electrons  in 
the  emitter  because  of  the  loss  of  high  energy  electrons  at 
the  emitter  base  junction  due  to  injection  into  the  base 
region.  Energy  is  also  dissipated  in  the  base  region  due  to 
sheet  resistance.  The  actual  energy  exchange  between  elec¬ 
trons  and  lattice  will  therefore  be  a  complex  function  of  the 
operating  current  and  voltage  values  and  will  be  distributed 
through  the  active  region  of  the  transistor.  When  the  base 
current  (IB)'  is  much  smaller  than  the  collector  current  (Ic) 
(i.e.,  Ic  «  IE),  the  net  energy  dissipation  to  the  lattice 
can  be  approximated  by  ICVCE .  Assuming  that  this  is  the 
case  and  that  the  active  region  is  very  near  the  surface  of 
the  transistor,  the  problem  reduces  to  one  of  obtaining  the 
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local  variation  of  collector  (or  emitter)  current  density 
across  the  surfaca  of  the  device. 

i 

For  this  type  of  structure,  a  significant  portion  of 
the  base  current  flows  parallel  to  the  emitter-base  junction. 
This  parallel  component  of  base  current  produces  an  IK  drop 
in  voltage  which  debiases  the  center  of  the  emitter  with 
respect  to  the  periphery,  causing  a  large  portion  of  the 
emitter  current  to  be  carried  at  the  periphery.  Power 
transistors,  therefore,  are  usually  characterized  by  a  series 
of  long  slender  emitters  (usually  called  fingers) .  In  this, 
case,  a  two-dimensional  model  can  be  used  to  characterize 
heat  conduction  in  such  devices. 

Wilcox^  has  solved  the  heat  conduction  equations  for 
the  case  of  an  infinite  number  of  emitters  with  uniform 
energy  dissipation  across  the  emitter  surface  and  a  constant 
substrate  temperature  (T0) .  He  also  gives  an  approximate 
solution  for  the  surface  temperature  variation  across  a 
single  emitter.  This  solution  is  an  infinite  series  and  is 
given  bys 


n=l 


where  Tg  «  surface  temperature, 

T0  *  constant  substrate  temperature, 

R  *  thermal  conductivity  of  semiconductor 
material, 

q  »  energy  dissipation  rate  per  unit  length 
of  emitter, 

w  =  half-width  of  the  emitter, 
b  =  thickness  of  semiconductor  chip, 
x  =  distance  normal  to  emitter  finger. 

Since  the  equations  and  boundary  conditions  of  this  problem 
are  linear,  a  solution  for  a  finite  number  of  emitters  can  be 
obtained  by  superposition  of  a  series  of  the  solution  in 
equation  (1) .  The  results  of  these  calculations  are  com¬ 
pared  in  Figure  5  with  an  experimental  surface  temperature 


1  Wilcox,  W.R.,  "Heat  Transfer  in  Power  Transistors"  IEEE 
Transactions  on  Electron  Devices,  Vol.  ED-10,  Number  5, 
p.  308-313,  September  1963. 
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DISTANCE  ~  MILS 


Figure  5 

Temperature  Profile  Across  Emitter  Fingers 


profile  obtained  with  the  infrared  microradiometer.  The  pro¬ 
file  was  obtained  at  the  end  of  the  emitter  fingers,  most 
nearly  representing  the  condition  of  uniform  energy  dissipa¬ 
tion  across  each  emitter. 

Although  the  agreement  is  good,  several  differences 
between  theory  and  experiment  point  to  improvements  that  can 
be  made  to  improve  the  analytical  model  other  than  including 
variation  of  energy  dissipation.  The  experimental  curve 
indicates  a  more  rapid  decrease  in  peak  height  than  pre¬ 
dicted  by  the  calculations.  This  indicates  that  the  iso¬ 
thermal  boundary  condition  on  the  header  side  of  the  chip 
should  be  modified  to  account  for  the  actual  temperature 
variation  in  the  header.  The  difference  in  smoothness 

probably  results  from  the  fact  that,  in  the  actual  device , . 

energy  is  not  dissipated  on  the  surface  as  assumed  in  the 
analytical  model  but  near  the  collector-base  junction.  The 
coating  of  paint  may  also  need  to  be  accounted  for  in  the 
analysis.  Some  smoothing  could  also  be  due  to  3-dimensional 
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spreading  effects  at  the  end  of  the  emitters.  The  analytical 
solution,  however#  does  yield  a  valid  representation  of  the 
temperature  variation  in  the  junction  region  of  the  transis¬ 
tor. 


THERMAL  IMPEDANCE 

It  has  been  common  practice  to  indicate  the  heat  dis¬ 
sipating  performance  of  semiconductor  devices  by  defining 
thermal  impedance  (#jc)  as  the  temperature  difference 
between  the  heat  dissipating  junction  (Tj)  and  the  case 
temperature  (Tc)  divided  by  the  power  being  dissipated  (P) . 
There  are  several  difficulties  in  using  this  parameter. 

Since  device  area  and  thickness  are  not  used,  0jc  can  only 
indicate  relative  performance  of  devices  with  identical 
geometries.  Definition  of  a  unique,  meaningful  case 
temperature  is  often  difficult.  The  most  significant  prob¬ 
lem,  however,  deals  with  defining  what  is  meant  by  junction 
temperature.  Junction  temperature  is  not  a  unique  quantity, 
but  depends  on  location  and  operating  condition  as  demon¬ 
strated  in  Figures  3  and  4  (assuming  that  the  surface  tempera¬ 
ture  variation  correctly  indicates  the  temperature  variation 
in  the  junction  region  which  is  just  below  the  surface) . 

It  is  easy  to  see,  therefore,  why  junction  temperature 
measurements  based  on  temperature  dependent  device  param¬ 
eters  give  8jq  data  that  is  difficult  to  interpret  unequiv¬ 
ocally.  Often,  the  measurements  are  made  at  conditions  not 
at  all  representative  of  operating  stress  conditions  thereby 
yielding  no  correlation  of  failure  rate  with  stress  level. 
Infrared  microradiometry  and  thermal  analysis  can  be  very 
valuable  in  defining  test  procedures  which  yield  ®JC  values 
that  can  be  used  with  confidence  for  reliability  screening. 

The  major  requirement  for,  a  definition  of  junction  tempera¬ 
ture  is  that  a  unique  physical  quantity  is  obtained  which 
truly  indicates  the  state  of  thermal  stress  on  the  device. 
Figure  6  shows  experimental  data  obtained  with  the  micro¬ 
radiometer  on  the  test  transistor.  With  the  case 
temperature  held  at  100° C,  the  collector  current  was  set  at 
various  current  levels .  At  each  level,  the  collector- 
emitter  voltage  was  increased  until  the  point  of  maximum 
surface  temperature  was  at  200' C.  The  line  drawn  through 
these  points  represents,  the  operating  conditions  for  the 
maximum  value  of  Tj  =  20,0' C.  A  constant  power  line  (30  watts) 
and  the  maximum  dc  operating  limit  (joint  Electron  Device 
Engineering  Council  Registration  Data)  for  this  particular 
device  are  also  shown  for  comparison.  The  JEDEC  limit  line 
was  established  prior  to  these  experiments  by  displacing  to 
the  "eft  a  line  representing  the  experimentally  determined 
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COLLECTOR -EMITTER  VOLTAGE  (VOLTS) 


Figure  6 

Variation  of  Maximum  Surface  Temperature 


failure  zone.  It  therefore  represents  an  average  safe 
operating  limit  for  this  device  type.  Since  the  constant 
maximum  Tj  line  is  parallel  and  to  the  right  of  the  JEDEC 
line,  it  appears  that  the  maximum  value  of  Tj  is  a  direct 
indication  of  thermal  stress  level.  This- quantity  is. not 
only  easily  defined  physically,  but  can  logically  be 
expected  to  indicate  critical  thermal  stress. 
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Having  identified  the  maximum  value  of  Tj  as  the 
critical  junction  temperature,  a  corresponding  thermal 
impedance  can  be  defined  as 


*  ~ 


-  T„ 


(2) 


where  P  is  the  power  dissipation  and  Tc  is  the  case  tempera¬ 
ture.  Both  P  and  Tc  must  be  appropriately  defined  for  a 
particular  device.  Electrical  measurement  techniques 
can  be  directly  evaluated  by  their  ability  to  indicate  the 
critical  thermal  impedance  (<p)  and  its  variation  with  oper¬ 
ating  condition . 


CONCLUSION 

This  paper  has  described  an  analysis  of  the  thermal 
characteristics  of  silicon  power  transistors  aimed  at  under¬ 
standing  temperature-dependent  failure  mechanisms.  The 
infrared  microradiometer  has  been  shc*m  to  be  a  powerful 
analytical  tool  which  can  be  used  to  validate  and  guide 
theoretical  efforts.  A  simple  analytical  solution  for  the 
temperature  profile  of  a  transistor  surface  has  yielded  good 
agreement  with  the  experimental  profiles.  These  results 
demonstrate  how  a  difference  in  surface  temperature  leading 
to  a  thermal  instability  can  occur  even  in  an  ideal  device 
with  uniform  energy  dissipation.  Experimental  isothermal 
contour  maps  clearly  demonstrate  the  accelerating  effect  of 
Vce  on  the  formation  of  a  hot  spot  in  the  teat  transistor.  A 
realistic  thermal  impedance  (  y> )  has  been  defined  based  on  the 
maximum  temperature  in  the  junction  region  which  can  be  used 
to  evaluate  indirect  measurements  of  thermal  impedance  ( 0JC) . 
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SECTION  IV 


SURFACE  EFFECTS 


ACCUMULATION  AND  DECAY  OF  MOBILE  SURFACE  CHARGES 
ON  INSULATING  LAYERS 

AND  RELATIONSHIP  TO  RELIABILITY  OF  SILICON  DEVICES* 


W.  Schroen** 

International  Telephone  and  Telegraph  Corporation 
ITT  Semiconductors  Product  Laboratories 
Palo  Alto,  California 

ABSTRACT 

V' 

Reverse  biased  diodes  of  various  geometrical  dimensions,  oxide 
preparation  techniques  and  breakdown  voltages  were  used  to  measure 
surface  contact  potential  differences  and  surface  ion  distributions  in 
various  ambienti  The  experimental  data  of  ion  accumulation  were 
compared  to  complementary  error  function  solutions  expected  for  a 
distributed  capacitance  and  sheet  resistance.  After  bias  removal  the 
accumulated  positive  and  negative  charges  were  allowed  to  decay.  Sig¬ 
nificant  differences  of  decay  times  could  be  observed  determined  by  the 
sign  of  the  charge  and  the  chemical  preparation  of  the  sample.  The  in¬ 
fluence  of  mobile  surface  charges  on  device  characteristics,  particular¬ 
ly  on  the  diode  breakdown  voltage,  is  described.  The  relationship 
between  the  surface  breakdown  voltage  and  the  external  bias  applied  to 
a  metal  strip  located  geometrically  above  the  p-n  junction  is  established. 
Finally,  it  is  3hown  that  a  "freezing"  of  the  surface  charges  can  change 
and  stabilize  the  diode  V-I  characteristics  considerably. 

I.  INTRODUCTION 

The  behavior  of  mobile  surface  ions  on  insulating  layers  has 
been  investigated  by  a  number  of  authors.  Brown*  proposed  ion  motion 
along  the  surface  across  a  p-n  junction  to  form  an  underlying  inversion 
layer.  At  all  a,  Bray  and  Lindner^  explained  the  observed  instabilities 


*  Research  sponsored  by  the  U.  S,  Air  Force,  Rome  Air  Development 
Center,  Rome,  New  York. 

**  Present  address:  Central  Research  Laboratories,  Texas 
Instruments,  Inc.  ,  Dallas,  Texas. 
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of  thermally  oxidised  silicon  junctions  in  wet  atmospheres  by  the 
motion  of  ions  on  the  surface  of  the  oxide  under  the  influence  of  an 
applied  electric  field.  The  ions,  in  order  to  become  mobile,  require 
the  presence  of  water  or  of  organic  molecules  of  large  dipole  moment. 
Essential  features  of  Attala's  model,  namely  that  the  ions  can  set  up 
fields  of  the  order  of  10^  V/cm  in  the  oxide  layer,  producing  potential 
differences  of  the  order  of  half  the  reverse  bias  applied  to  the  p-n 
junction,  could  be  verified  by  Shockley,  Queisser,  Hooper  and 
Schroen.  3»4  They  measured  the  large  contact  potential  differences 
between  the  charged  oxide  surface  and  a  metal  reference  electrode 
using  a  vibrating  capacitor  probe  ("Kelvin  probe"  ^).  In  the  present 
paper,  investigations  are  reported  which  demonstrate  that  surface 
treatments  and  ambient  variations  can  drastically  change  the  charge 
distribution  and  the  associated  drift. 

Furthermore,  it  was  the  aim  of  the  present  investigations  to 
study  the  influence  of  external  fields  -  supplied  either  by  mobile  surface 
ions  or  by  an  external  potential  to  a  metal  layer  -  on  the  breakdown 
voltage  of  oxide  protected  p-n  junctions.  It  is  well  known  that  high 
voltage  planar  junctions  generally  exhibit  breakdown  voltages  consid¬ 
erably  lower  than  those  predicted^  from  impurity  density  profiles  (in 
addition,  the  onset  of  breakdown  at  corners  plays  an  important  role7). 

It  is  expected  that  a  better  understanding  of  the  influence  of  external 
fields  on  the  breakdown  voltage  will  contribute  to  mitigate  and  finally 
eliminate  device  reliability  problems  due  to  charge  motion  and  surface 
breakdown  influences. 

Historically,  as  early  as  in  1948,  Shockley  and  Pearson**  dis¬ 
cussed  the  concept  of  using  an  external  electric  field  normal  to  the 
surface  of  a  semiconductor  to  control  the  carrier  density  near  the 
surface.  In  1956,  Garrett  and  Brattain^  established  a  theoretical 
model  for  the  influence  of  surface  fields  on  avalanche  breakdown. 

Later,  Kahng  and  At  all  a*  ^  pointed  out  that  a  structure,  consisting 
of  a  reverse  biased  p-n  junction  superseded  by  an  insulating  layer 
combined  with  a  metal  control,  can  be  used  to  enhance  as  well  as 
deplete  charge  near  the  surface  of  the  semiconductor.  Using  the 
insulated-gate  field  effect  transistor,  Hofstein  and  Heiman1  ^  reported 
the  control  of  avalanche  breakdown  at  the  surface  of  a  p-n  junction. 
Nathanson*^  observed  a  decrease  of  the  breakdown  voltage  with  in¬ 
creasing  gate  field  of  the  p+n  high  field  triode.  The  variation  of  the 
breakdown  voltage  of  an  n+ -p  control  ring  diode  with  various  gate 
potentials  was  investigated  in  detail  by  Schroen,  Hooper  and 
Queisser,  **  Part  of  their  results  were  applied  by  Shockley  and 
Hooper*^,  16  in  the  surface -controlled  avalanche  transistor.  Using 
a  p+ -n  control  ring  diode,  Castrucci  and  Logan*7  found  an  increase  in 
breakdown  voltage  when  the  control  ring  was  biased  negatively,  pro¬ 
ducing  a  field  that  opposed  the  field  of  the  immobile  charge.  Their 
measurements  showed  an  optimum  value  of  the  control- ring  vcltage, 
at  which  breakdown  voltage  was  a  maximum.  The  effect  of  increasing 
the  breakdown  voltage  by  a  metallic  contact  that  is  connected  to  the 
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^diffused  region  and  extends  over  the  oxide-protected  junction  edge  has 
"been  reported  by  Clark  and  Mack/®  Castrucci  and  Logan/ ^  and  Schroen. 


The  following  Sections  2  and  3  describe  at  first  briefly  the  diode 
structures  and  the  experimental  equipment  used,  then  the  results  of 
surface  ion  accumulation  and  decay.  The  complementary  error  function 
distribution  is  found  to  be  a  good  representation  of  the  measured  values. 
Section  4  deals  with  the  influence  of  surface  ions  and  external  potential 
on  device  reliability.  The  diode  breakdown  voltage  is  investigated  as  a 
function  of  time  and  of  the  bias  on  a  control  electrode.  Finally,  some 
methods  are  briefly  described  for  immobilizing  the  surface  ions. 

2.  EXPERIMENTAL  ARRANGEMENT 

The  specimens  used  for  the  investigations  consisted  of  diffused 
n+p  or  p+n  planar  diodes  with  various  protecting  oxides.  The  prepara¬ 
tion  of  the  diodes  was  performed  in  the  following  sequence.  (A)  For 
p-type  starting  material:  Resistivity  1  il-cm,  oxidation  in  oxygen  plus 
steam  at  1200*  C  for  30  minutes,  resulting  in  an  oxide  thickness  <«<  0.  6p 
window  opening,  P2O5  phosphorus  predeposition  at  1050*  C  for  30  min, 
(B)  For  n-type  starting  material:  Resistivity  5  fl-cm,  oxidation  and 
window  opening  as  above,  boron  predeposition  at  95 0*  C  for 

30  min,  followed  by  a  diffusion  at  1300*  C  for  45  minutes  in  wet  oxygen. 

For  some  experiments,  the  oxide  was  removed  and  new  oxides 
were  deposited:  (1)  Method:  Pyrolytic  decomposition  of  ethyl  silicate 
at  850°  C  for  1  hour  according  to 

SI(OEt)4 - >  Si02  +  2  [  <Et)20]  (1) 

where  E  =  CHjCH  ,  resulting  in  an  oxide  thickness  nip.  Decomposi¬ 
tion  at  500° C  resulted  in  a  thickness  of  «0.  2  p.  Some  samples  received 
an  additional  phosphorus  glass  layer  using  POCI3  at  1050°C  for  20  min. 
(2)  Method:  Oxidation  in  oxygen  plus  steam  at  1200*  C  for  30  min,  re¬ 
sulting  in  an  oxide  thickness  <*  0.  6  p.  (3)  Method:  Oxidation  in  wet 
oxygen  at  1200°  C  for  45  min,  resulting  in  an  oxide  thickness  w  0.  6  p. 

(4)  Method:  Oxidation  in  dry  oxygen  at  1300°C  for  1  hour,  resulting  in' 
an  oxide  thickness  **0.  3  p. 


After  oxide  windows  were  opened  for  contacts,  the  samples 
were  rinsed  in  trichloroethylene  and  then  heat  treated  at  600°  C  for 
30  min.  in  vacuum  (pressure  10"^  Torr,  residual  gas  consisted  almost 
exclusive  of  pure  Nj)?  Samples  prepared  by  this  procedure  are  re¬ 
ferred  to  as  "untreated"  because  they  showed  surface  ion  motion  on  a 
very  reduced  scale. 

For  the  investigations  of  the  ambient  influence,  the  samples 
and  the  measuring  equipment  were  enclosed  in  a  metal  can  so  that  the 
ambient  type  and  relative  humidity  could  be  well  controlled.  The  moist 
ambient  was  obtained  by  passing  dry  nitrogen  through  a  flask  of  heated 
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water,  the  relative  humidity  being  determined  by  the  nitrogen  flow  rate 
and  water  temperature.  The  humidity  wai  monitored  by  a  relative 
humidity  indicator  located  in  the  ambient  flow  line. 


Bias  was  applied  to  the  diodes  as  shown  schematically  in  Fig.  1 
for  an  n+p  diode.  The  electric  field  fringing  through  the  oxide  layer 
disturbs  the  originally  randomly  distributed  surface  ions  so  that  posi¬ 
tive  charges  accumulate  over  the  p- substrate  and  negative  charges 
over  the  n-layer.  The  resulting  ion  distribution  is  "frozen"  by  flowing 
dry  N2  over  the  sample  and  measured  using  the  vibrating  capacitor 
technique.'*'  ®  The  "Kelvin  probe"  is  positioned  close  to  the  diode 
surface  (see  Fig.  2)  and  scanned  across  the  junction  under  various 
conditions  of  diode  bias  and  ambient.  The  probe  used  consisted  of  a 
fine  wire  tip  (diameter  25  or  75  p)  which  had  been  gold  plated  to  mini¬ 
mize  changes  in  its  work  function.  The  measured  contact  potential 
difference  Vjj  between  the  probe  and  the  specimen  surface  is  that  of 
the  bucking  voltage  required  to  produce  a  null  condition  on  the 
oscilloscope.  *«  ®  . 


Fig.  1 
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1.  Schematic  representation  of 

an  oxide  protected  planar  n+; 

diode.  The  electric  field  due  to  the  reverse  bias  is  fringing 
through  the  oxide  layer  and  causes  separation  of  mobile 
surface  ions. 
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Fig.  2.  Schematic  representation  of  surface  contact  potential 
difference  measurement.  Ions  located  on  outer  surface 
of  oxide  covering  p-n  junction. 
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3.  ION  ACCUMULATION  AND  DECAY 


3.  1  Complementary  Error  Function  Distribution 

Ap+n  diode  with  ethyl  silicate  oxide  was  reverse  biased  with  a 
22.  5  V  battery  (terminal  voltage  24  V).  The  measurement  was  carried 
out  first  in  dry  N2  ambient,  and  then  repeated  in  50$  relative  humidity. 
The  results  are  shown  in  Fig.  3.  The  curve  marked  "dry  nitrogen" 
shows  the  contact  potential  distribution  prior  to  surface  charge  motion. 
The  ambient  was  then  changed  to  50$  relative  humidity  and,  with  bias 
applied,  the  surface  was  allowed  to  "drift"  for  12  minutes,  after  which 
time  the  diode  was  again  flushed  with  dry  nitrogen.  The  diode  was  then 
scanned  with  the  Kelvin  probe  to  measure  the  distribution  of  the  accu¬ 
mulated  ions,  and  the  curve  of  Fig.  3  marked  "measured,  50$ RH"  was 
obtained.  It  will  be  noticed  that  the  change  in  potential  due  to  the 
motion  of  surface  charge  is  not  equal  on  both  sides  of  the  junction. 

Over  the  n-material,  the  drift  did  not  go  past  1500p,  whereas  on  the 
p+  side,  an  appreciable  disturbance  is  evident  past  2500  p.  The  reason 
for  this  behavior  is  the  fact  that  edge  effects  of  the  geometry  become 
important  over  the  diffused  area  when  the  disturbance  occurs  over  a 
distance  which  is  an  appreciable  fraction  of  the  diode  diameter. 

v  25 

J, 

20 

I  15 

**  10 
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— - X - ►  [microni] 

Fig.  3.  Surface  potential  vs.  distance  from  the  junction  of  a  p+n 
diode  with  ethyl  silicon  oxide. 

It  is  quite  informative  to  compare  the  potential  distribution 
obtained  in  Fig.  3  to  the  complementary  error  function  solution  ex¬ 
pected  for  a  distributed  capacitance,  Ca,  and  sheet  resistance  RSq, 
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C  R  8V  /8t 
a  *q  K 


(2) 


which  give  the  equation 


»2Vk/8x2 


or 

C  V  =  (l/R  )82Vv./8x2,  (2a) 

a  k  aq  K 

The  complementary  error  function  solutions  are  available  in  standard 
diffusion  tables,  and  can  be  readily  compared  to  the  measured  poten¬ 
tial  distribution.  Figure  4  shows  this  comparison.  Plotted  is  the 
logarithm  of  the  contact  potential  difference  V£  vs.  the  probe  positionx, 
where  x  =  0  is  chosen  at  the  junction  and  V.  is  the  potential  directly 
above  the  junction,  equal  to  half  the  applied  bias. 


the  junction.  Also  plotted  is  a  theoretical  complementary 
error  function  solution  for  potential  distribution. 
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Three  curvet  are  thown,  the  contact  potential  distribution 
measured  over  the  n-tide  of  the  junction,  the  contact  potential  mea¬ 
sured  over  the  p-side,  and  the  complementary  error  function  which 
gave  the  best  fit  to  the  measured  potential  distribution.  It  should  be 
mentioned  that  the  potential  measured  over  the  p-side  should  actually 
be  plotted  upward  from  =  12  V  at  x  =  0,  since  here  the  potential  is 
increasing  with  distance.  For  the  purpose  of  comparison,  however, 
both  curves  are  plotted  together.  The  curve  labeled  erfc  x/2  <jDt 
is  a  complementary  error  function  plot,  obtained  from  diffusion  tables, 
with  N^t  chosen  equal  to  400  p  for  the  best  fit.  It  can  be  seen  for  x 
up  to  500  p  that  the  potential  distribution  on  both  sides  of  the  junction 
is  a  perfect  fit  to  the  error  function.  For  x  >  500  p  the  measured 
potential  over  the  p-side  does  not  fit  the  error  function  because  of 
diode  edge  effects  mentioned  earlier.  The  measured  potential  over 
the  n-side,  however,  is  an  excellent  fit  to  the  error  function  between 
?5G  and  1500  p.  Since  the  data  for  the  n-side  of  the  diode  does  fit  the 
theoretical  curve  so  well,  one  can  accurately  determine  D,  the  diffu¬ 
sion  coefficient  of  charges  on  the  oxide  surface.  For  *JB t  =4x  10r2cm^ 
and  t  =  720  seconds,  D:2.2x  10'^  cm^  sec-*.  This  value  of  E1  is  in 

A 

excellent  agreement  with  the  value  determined  by  Shockley,  et  al.  4 
studying  charge  motion  on  glass  surfaces. 

The  sheet  resistance  of  the  oxide  surface  can  in  turn  be  found  , 
by  the  relationship 

R  =  1/(D  C  )  (3) 

sq  a 

where  R  is  the  sheet  resistance  in  ohms  per  square,  D  the  diffusion 
coefficient  in  cm^  sec"^  and  Ca  the  capacitance  per  unit  area  inF  cm’^, 
of  the  oxide  layer.  The  diffusion  coefficient  D  was  calculated  above 
to  be  2.2  x  10“^  cm^  sec'*.  The  capacitance  per  cm^  of  the  SiC>2 
layer  was  6  x  10-9  F,  so  that  R,^  =  7.  6  x  10^  ohms  per  square. 

3.2  Ion  Accumulation  and  Decay  as  a  Function  of  Chemical  Treatment 

Previous  investigations^  have  shown  that  ohemical  treatments 
of  the  diode  surface  cause  charges  to  compile  in  different  quantities 
in  the  same  time  interval  and  to  decay  with  different  time  constants. 

An  acceleration  of  the  decay  wan  particularly  pronounced  if  the  sample 
was  treated  with  water.  On  the  other  hand,  benaene  with  its  very 
small  dissociation  constant  (pK&  >  60)  and  lack  of  electric  dipole 
moment  was  found  to  decay  very  slowly.  In  order  to  get  more  infor¬ 
mation  about  ion  accumulation  and  decay,  detailed  measurements  were 
performed  which  are  reported  in  the  following  paragraphs. 

Bias  of  50  V  was  applied  to  the  sample  for  10  minutes.  It  can 
be  seen  in  Fig.  5  that  for  the  untreated  sample  the  amounts  of  charges 
accumulated  over  the  n  and  p  sides  are  almost  equal.  The  sample 
was  then  boiled  in  water  for  about  10  minutes  and  baked  at  150°C  for 
1  hour.  (Without  the  bakeout  process  the  decay  of  the  surface  ions 


297 


was  too  rapid  to  be  measured  accurately).  Ion  accumulation  was 
achieved  by  applying  bias  of  50  V  across  the  diode  for  only  1  minute. 
The  ion  decay  is  also  shown  in  Fig.  5.  There  is  a  very  fast  decay  of 
the  surface  ions,  and,  in  addition,  a  difference  of  the  decay  rate  for 
the  ion  type.  Accumulated  negative  ions  decay  fast  to  an  equal  distri¬ 
bution  while  positive  charges  slow  down  their  decrease. 
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Fig.  5.  Effects  of  surface  treatment  on  the  decay  of  charge 

accumulated  on  the  oxide.  Shown  is  the  decay  with  time 
of  the  maximum  negative  and  positive  potential  observed 
on  the  oxide  above  the  n-type  and  p-type  silicon  after  bias 
removal.  Untreated  and  treated  (H^O)  states  are  shown. 
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As  another  example  of  inorganic  treatment,  Fig.  6  shows  the 
curves  after  a  rinse  in  Sjtl^SO^.  The  diode  was  submerged  for 
5  minutes  and  then  dried  with  dry  nitrogen.  Reverse  bias  of  50  V  was 
applied  for  10  minutes.  As  can  be  seen  from  Fig.  6,  the  amount  of 
accumulated  charges  is  almost  equal  in  the  untreated  and  the  treated 
case.  There  is,  however,  a  pronounced  difference  in  the  decay  times 
for  the  treated  and  the  untreated  samples,  but  not  as  drastic  as  in 
Fig.  5.  The  decay  rates  of  positive  and  negative  charges  are  similar. 


Fig.  6.  Effects  of  surface  treatment  on  the  decay  of  charge  accumu¬ 
lated  on  the  oxide.  Shown  is  the  decay  with  time  of  the 
maximum  negative  and  positive  potential  observed  on  the 
oxide  above  the  n-type  and  p-type  silicon  after  bias  removal. 
Untreated  and  treated  (SjfH^SO^)  states  are  s' '.own. 

In  Figs.  7  and  8  two  examples  of  an  organic  treatment  are 
shown,  bensene  and  methanol.  In  both  cases  the  sample  was  sub¬ 
merged  for  5  minutes  in  the  organic  solvent  and  dried  in  dry  nitrogen. 
A  bias  of  50  V  was  applied  for  10  minutes  in  laboratory  atmosphere. 
As  can  be  seen,  the  accumulation  of  charges  is  almost  equal  in  all 
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cases.  In  comparison  to  Figs.  5  and  6,  the  decay  of  the  ions  is  slower 
(particularly  for  the  C^H^-treated  sample),  the  decay  rates  being  very 
similar  to  those  of  the  untreated  samples.  The  results  of  Figs.  7  and 
8  are  in  agreement  with  the  experimental  findings  of  the  previous 
report.  ^  Benzene  has  a  slow  surface  ion  motion  because  of  small 
dissociation  constant  and  the  lack  of  electric  dipole  moment.  Methanol, 
on  the  other  hand,  has  an  appreciably  higher  dissociation  of  pKa  =16 
and  thus  can  provide  protons  and  negative  charged  CHjO"  methoxyl 
ions.  There  is  also  an  electric  dipole  moment  for  methanol  of 
1.7  Debye.  Methanol  films,  therefore,  increase  the  surface  conduct¬ 
ance  and  the  ions  decay  with  a  faster  decay  rate.  Similar  results  were 
found  for  nitromethane. 


Fig.  7.  Fffects  of  surface  treatment  on  the  decay  of  charge 

accumulated  on  the  oxide.  Shown  is  the  decay  with  time  of 
the  maximum  negative  and  positive  potential  observed  on  the 
oxide  above  the  n-type  and  p-type  silicon  after  bias  removal. 
Untreated  and  treated  (C^H^)  states  are  shown. 
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Tig,  8.  Effects  of  surface  treatment  on  the  decay  of  charge 

accumulated  on  the  oxide.  Shown  is  the  decay  with  time 
of  the  maximum  negative  and  positive  potential  observed 
on  the  oxide  above  the  n-type  and  p-type  silicon  after  bias 
removal.  Untreated  and  treated  (CHjOH)  states  are  shown, 

4,  SURFACE  CHARGE  INFLUENCE  ON  DEVICE  CHARACTERISTICS 


It  is  obvious  that  these  widely  differing  charge  distributions 
and  decay  rates  can  seriously  affect  the  reliability  of  8  smiconductor 
devices.  The  presence  of  mobile  charges  on  the  oxide  surface  in¬ 
fluences  the  performance  of  the  junctions  and  the  surface  layers  of 
the  silicon  beneath  the  oxide. 


4. 1  Surface  Charge.  Oxide  Contact  Potential  and  Diode 
Leakage  Current 

Figure  9  shows  an  oscillogram  of  a  reverse  biased  n+p  diode 
exhibiting  distinct  channeling  characteristics.  A  narrow  channel 
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region  was  located  between  the  diode  and  substrate  edge  by  measure¬ 
ment  of  the  oxide  contact  potential  while  the  diode  was  reverse  biased. 
The  figure  shows  the  diode  under  two  conditions,  "A"  during  exposure 
to  room  atmosphere  and  "B"  after  exposure  to  moist  atmosphere. 
Three  distinct  characteristics  of  each  curve  can  be  seen.  First,  con¬ 
siderable  channel  current  flows  with  very  low  reverse  bias.  Second, 
the  channel  current  saturates  and  becomes  voltage  independent.  This 
is  referred  to  as  the  channel  "pinch-off"  condition.  Third,  the  normal 
avalanche  breakdown  occurs.'  All  three  conditions  are  determined  by 
the  surface.  It  can  be  seen  that  introducing  a  moist  ambient  has 
doubled  the  channel  current  at  "pinch-off"  and  nearly  doubled  the 

breakdown  voltage  V  . 

15 


20  V/div 


50/aA/div  - ► 

Fig.  9.  V-I  characteristics  of  n+p  planar  diode  with  channel. 

Condition  "A"  in  room  atmosphere,  "B"  after  100#  relative 
humidity.  Accumulated  surface  charge  increases  channel 
strength  and  surface  breakdown  voltage. 

In  Fig,  10  is  plotted  the  contact  potential  in  the  channel  region 
vs.  the  diode  leakage  current,  with  20  V  reverse  bias  applied.  With 
these  conditions,  the  leakage  current  was  maintained  in  the  channel 
"pinch-off"  region.  It  is  seen  from  the  plot  that  an  almost  linear  re¬ 
lationship  holds.  Figures  9  and  10  together  show  a  definite  correlation 
between  breakdown  voltage,  leakage  current,  and  oxide  surface 
potential. 

Condition  B  , of  Fig.  9  represents  a  strong  accumulation  of 
surface  charges.  The  increased  density  of  positive  charge  on  the 
oxide  over  the  p-region  enhances  the  channel  conductance  and  there¬ 
fore  the  pinch-off  voltage.  The  breakdown  voltage  is  also  increased 
in  agreement  with  the  model  proposed  by  Garrett  and  Br attain,  9  which 
explains  surface  breakdown  by  field  enhancement  through  surface 
charges.  From  the  model  it  follows  that  high  leakage  ("channel")  is 
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linked  to  high  breakdown  voltage,  whereas  a  low  breakdown  voltage  is 
associated  with  low  channel  leakage. 


Fig.  10.  Oxide  contact  potential  vs.  diode  leakage  current 

Figure  1 1  shows  an  experimental  arrangement  to  study  time 
effects;  an  aluminum  gate  ring  is  evaporated  around  the  n+p  junction. 

A  saturation  current  of  IQ  =  3.  7  pA  is  flowing  across  the  junction  at  a 
voltage  well  below  Vjj.  At  the  time  t  =  0  a  potential  of  -100  V  is 
applied  between  gate  and  substrate.  It  can  be  seen  from  the  chart 
recorder  curve  in  Fig.  11  that  the  current  drops  to  1  p  A  with  a  very 
fast  time  constant.  This  can  be  interpreted  as  a  narrowing  of  the 
channel  by  the  gate  potential,  resulting  in  a  reduction  of  channel 
current.  After  this  initial  drop  the  current  decreases  further,  at 
first  with  a  long  time  constant,  the  origin  of  which  is  not  fully  under¬ 
stood,  and  then  with  an  almost  exponential  time  constant.  This  time 
constant  can  be  readily  explained  as  an  effect  of  redistribution  of 
surface  ions  by  the  potential  applied  to  the  gate  ring.  After  120  sec¬ 
onds,  only  a  very  small  channel  current  remains  persisting.  The  bias 
at  the  gate  is  then  discontinued.  As  can  be  seen  from  Fig.  11,  the 
very  lpw  channel  conductivity  remains  for  a  certain  time;  later  on, 
the  gradually  redistributing  surface  ions  enhance  the  channel  current. 
This  increase  in  current  is  approximately  exponential.  Figure  1 1 
demonstrates  clearly  that  mobile  surface  ions  have  a  considerable 
influence  on  the  electrical  characteristics  of  the  diode. 
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Fig.  11.  Influence  of  surfa  ion»  on  *  aturation  current  I  of  diode 
surrounded  by  metal  ring;  I  plotted  vs.  time. 

4.2  Surface  Charge.  Oxide  Contact  Potential  and  Breakdown  Voltage 

The  increase  in  breakdown  voltage  of  reverse  biased  planar 
diod.ee  ("walk  out"  effect)  has  been  correlated  with  changes  in  oxide 
contact  potential  difference  in  the  region  directly  over  the  junction. 

A  diode  with  a  typical  breakdown  voltage  of  «  150  V  before  "walk  out" 
effect  occurred,  was  rinsed  with  methanol  to  neutralize  surface 
charges,  dried,  and  the  Kelvin  probe  then  positioned  over  the  oxide 
on  the  weakly  doped  substrate,  close  to  the  junction,  as  shown  in 
Fig.  12.  The  diode  was  then  connected  to  a  C”rve  tracer,  and  reverse 
bias  applied  sufficient  to  produce  avalanche  breakdown.  Avalanche 
breakdown  voltage  was  measured  at  a  reverse  leakage  current  of  20  p  A. 
The  diode  was  allowed  to  remain  biased  in  the  laboratory  ambient  of 
**30^  relative  humidity  during  which  time  the  breakdown  voltage  in¬ 
creased  from  160  V  to  nearly  400  V.  At  the  same  time  the  contact 
potential  of  the  oxide  was  measured  using  the  vibrating  capacitance 
probe,  as  indicated  in  the  inset.  Plotted  in  Fig.  12  is  the  breakdown 
voltage  as  a  function  of  contact  potential  difference.  Although  not  in¬ 
dicated  in  the  figure,  contact  potential  was  of  positive  polarity.  Over 
a  wide  range,  an  approximately  linear  dependence  with  the  breakdown 
voltage  prevails.  This  change  in  Vg  with  surface  charge  accumulation 
may  be  understood  by  the  theory  of  Garrett  and  Brattain;9  a  descrip¬ 
tion  based  on  the  superposition  of  surface  field  and  junction  field  has 
been  presented  by  Shockley  and  Hooper.  15, 16 
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Fig.  12.  Plot  of  breakdown  voltage  vs.  oxide  contact  potential  for 
diode  exposed  to  moist  ambient. 

In  order  to  show  the  time  constants  involved  in  the  above 
described  effect,  an  n+p  diode  (Vg*  210  V)  was  reverse  biased  at  a 
relative  humidity  of  *<50 1» .  Figure  13  shows  the  result  of  the  experi¬ 
ment.  Vg  is  plotted  as  a  function  of  time.  The  observed  long-time 
change  in  Vg  is  typical  for  surface  ion  motion  under  the  field  set  up 
by  the  reverse  bias.  In  this  experiment,  Vg  increased  from  210  to 
270  V.  The  increase  continued  for  almost  7  seconds. 

sov/*v 

•  SOO V,  ML  MmbML  «  M% 

Fig.  13.  Surface  ion  influence  on  breakdown  voltage  Vg  of  n+p  diode. 

Vg  plotted  vs.  time.  Vapp  =  4C0V.  A  load  resistance  of 
1  Mil  is  in  series  with  the  diode;  the  dynamic  impedance  of 
the  diode  is  about  0.  1  MQ. 
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4.  3  Control  Electrode 


In  order  to  replace  the  field  of  mobile  surface  charges  by  an 
easily  controllable  surface  field,  an  aluminum  gate  ring  over  the  oxide 
was  evaporated  around  the  planar  junction  (distance  10,  30,  or  100  p 
from  the  junction).  Bias  Vg  was  applied  to  the  gate  in  order  to  study 
the  influence  of  this  additional  surface  field  on  the  diode  breakdown 
voltage.  The  externally  applied  electric  field  penetrates  the  semicon¬ 
ductor  surface  and  extends  into  the  space  charge  layer.  This  field 
modifies  that  produced  by  reverse  bias,  V<j,  across  the  p-n  junction, 
thus  changing  the  voltage  across  the  junction  at  which  avalanche  break¬ 
down  occurs.  The  plot  of  Fig.  14  shows  the  effective  breakdown 
voltage,  namely  the  surface  breakdown  voltage,  Vs,  as  a  function  of 
the  voltage,  Vg,  applied  to  the  field  electrode;  also  plotted  is  the  ratio 
Vs/Vjj,  where  denotes  the  final  constant  maximum  voltage  ("corner 
breakdown"  voltage)  which  is  close  to  the  predicted  bulk  breakdown 
voltage.  It  is  seen  that  the  breakdown  voltage  of  the  diode  can  be  con¬ 
trolled  as  dc  voltage  is  applied  to  the  metal  ring;  by  application  of 
negative  voltage  (polarity  required  to  produce  an  accumulation  layer 
over  a  p-type  substrate).  V,  is  observed  to  decrease,  and  conversely, 
application  of  positive  voltage,  i.  e.  polarity  of  the  same  sign  as  the 
conductivity  type  of  the  weakly  doped  material,  causes  an  increase 


FIELD  ELECTRODE  VOLTAGE  [volt.] 


Fig.  14.  Surface  breakdown  voltage,  Va,  vs.  field  electrode 

voltage,  Vg.  Also  shown  is  the  ratio  of  surface  to  bulk 
breakdown  voltage,  Vg/Vi>.  . 

Three  regions  of  the  curve  in  Fig.  14  can  be  distinguished. 
First,  the  center  portion  of  the  curve  shows  a  strictly  linear  depen¬ 
dence  of  Vg  on  V  extending  from  positive  to  aero  and  small  negative 
values  of  V„.  Tms  linear  relationship  can  bo  understood  by  the  theory 
of  the  "surface  controlled  avalanche  transistor  (SCAT)"  developed  by 
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Shockley.  16,20  Briefly,  the  condition  for  avalanche  breakdown  can 
be  approximated21  by  the  condition  that  the  maximum  field  F  in  the 
avalanche  source  region  (located  usually  close  to  the  intersection  of 
p-n  junction  and  silicon/oxide  interface)  reaches  or  exceeds  the  break¬ 
down  value  Fb, 


F  £ 


'  B* 


(4) 


The  corresponding  voltage  at  breakdown  will  be  denoted  as  Vg  =  Vg. 
In  first  approximation,  F  can  be  written  by  superposition  as 


F  =  F(V  )  +  F(V,).  (5) 

g  d 

For  wide  space  charge  layer  widths  (in  Fig.  14:  for  positive  and 
small  negative  field  electrode  voltages),  the  effect  of  Vj  is  less  than 
the  effect  of  V_  because  of  the  larger  distance  avalanche  region/drain, 
and  because  of  the  shielding  action  of  the  gate  electrode.  The  total 
voltage  V  acting  over  the  width  of  the  avalanche  source  to  produce  the 
internal  field  F  can  be  written  as 


v  =  V  +  V./n.  (6) 

g  d 

At  breakdown  yields,  according  to  Eq.  (4): 

V  =  V3  =  Vs  (7) 

p  is  the  amplification  factor  defined  as 

>1  at  I  =  const,  (8) 

d 

influences  the  field  F  compared  with  the 
influence  of  on  F,  and  hSs  to  be  calculated  from  potential  theory. 

The  second  portion  of  the  curve  in  Fig,  14  shows  a  curvature 
at  high  negative  voltages  leading  to  an  asymptotic  decrease  of  Vg.  The 
high  negative  values  of  Vg  cause  a!  narrowing  of  the  space  charge  layer 
width  so  that  it  becomes  comparable  to  the  oxide  layer  thickness. 

There  p  approximates  1,  and  the  influence  of  Vj  on  F  exceeds  the 
effect  of  Vg.  Finally,  Va  becomes  almost  independent  of  changes  in  Vg. 

The  third  portion  of  the  curve  is  the  flattening  at  high,  positive 
values  of  Vg  which  leads  to  a  constant  maximum  voltage  V^  (in  Fig.  14 
at  1.75..Y)  determined  by..cprner  breakdown  of  the  diffused  layer.  A 
subsequent  decrease  of  Vg  at  still  higher  Vg  values,  as  found  by 
Castrucci  and  Logan,  ^  has  not  been  observed.  Curves  similar  to 
the  one  shown  in  Fig.  14  have  recently  been  measured  by  Brown,  22 
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p  describes  how  strongly  V 
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In  order  to  achieve  an  equipotential  layer  over  the  oxide 
surface  and  hinder  surface  ion  motion,  a  thin  metal  layer  was  evapo- 
rated.  As  material,  gold  was  selected.  The  layers  were  100  to  200  A 
thick  (diameter  350. p).  The  gold  layer  was  at  the  same  potential  as  the 
n+  plug.  While  the  breakdown  voltage  of  the  planar  diodes  without  the 
gold  layer  was  about  400  V,  V,  after  gold  evaporation  was  about 
1400  V.  In  addition,  the  V-l  characteristic  was  hard.  It  was  inter¬ 
esting  to  observe  how  this  considerable  increase  of  Vg  by  a  factor  of 
3.  5  occurred.  On  an  oscilloscope,  900  V  of  the  breakdown  voltage 
appeared  instantaneously,  the  additional  500  V  occurred  with  a  drift 
of  a  short  time  constant  ( w  1  sec).  The  first  increase  is  caused  by 
the  "SCAT"  effect  described  above,  the  second  one  probably  by  the 
push-out  of  the  surface  channel  due  to  an  Atalla-type  effect.  ^ 

4.  4  Stabilisation  of  Device  Characteristics  by  Heating  , 
of  Sample  or  Freezing  of  Surface  Charges 

n+p  and  p+n  diodes  have  been  subjected  to  repeated  heat  treat¬ 
ments  at  600* C  for  30  minutes  in  vacuum  (pressure  10-6  Torr, 
residual  gas  pure  N^).  Ion  accumulation  and  decay  curves  have  then 
been  measured  using  the  techniques  described  in  Section  3.  The 
result  for  an  n+p  diode  is  shown  in  Fig.  15.  While  the  ion  decay 
curves  before  treatment  are  similar  to  those  of  Figs.  5  through  8, 
the  curves  measured  after  the  second  heat  treatment  show  a  consider¬ 
able  reduction  of  the  amount  of  ions  accumulated  and  a  decrease  of  the 
decay  time  constant.  Finally,  after  the  third  heat  treatment  almost  no 
mobile  surface  ions  are  left.  The  diodes  exhibited  hard  and  stable 
V-I  characteristics.  This  stabilization  persisted  not  only  as  long  as 
the  measurements  were  performed  in  dry  ambient,  but  also  for  several 
hours  at  a  relative  humidity  of  30$  Heat  treatments  were  also  per¬ 
formed  at  200"  C  with  similar  results. 


It  is  well  known  that  charges  which  are  normally  mobile  on  an 
insulating  surface  can  be  made  immobile  in  a  number  of  ways.  Alalia23 
succeeded  in  freezing  surface  charges  on  oxide  covered  p-n  junctions 
by  actually  freezing  them,  i.  e.  lowering  the  device  temperature 
below  0*C.  Surface  treatments  with  organic  compounds'^’  25  have 
proven  to  be  quite  effective  in  reducing  ion  drift  on  oxides  in  moist 
ambients;  the  reason  for  this  being  that  large  organic  radicals  "tie  up" 
the  OH“  groups  of  the  surface  water  layer,  thereby  reducing  the 
surface  conductivity.  Silicone  rubber  has  also  been  employed  to 
reduce  the  effects  of  charge  motion  on  high  voltage  diodes.  ^6 


It  has  been  found  that  covering  the  surface  of  a  diode  with 
commercial  KPR  (Kodak  Photo  Resist)  has  a  marked  effect  on  the 
stability  of  the  V-I  characteristics  in  a  moist  ambient.  For  illus¬ 
tration,  Fig.  16  shows  the  influence  of  KPR  treatment  on  surface 
ion  accumulation  and  decay.  While  the  ion  decay  curves  before  KPR 
application  behave  in  the  familiar  fashion,  no  ion  accumulation  and 
hence  no  ior  decay  is  observed  after  the  KPR  treatment.  The  surface  ions 
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appear  immobilised  by  the  KPR  layer.  Reverse  bias  was  applied  for 
three  days  without  deterioration  of  the  V-I  characteristic  or  any  ob¬ 
servable  influence  of  moist  ambient. 


accumulation  and  decay. 


Fig.  16.  Effect  of  KPR  treatment  on  surface  ion  accumulation 
and  decay. 
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Covering  the  diode  surface  with  a  masking  wax  also  improved 
the  stability  of  the  V-I  characteristics.  To  illustrate  this  fact,  a  p-n 
junction  diode  was  heated  on  a  hot  plate,  and  the  diode  surface  covered 
with  molten  apieson  masking  wax.  The  diode  V-I  characteristics  were 
photographed  under  two  conditions.  First,  reverse  bias  was  applied 
while  the  wax  was  in  a  molten  state;  second,  the  wax  was  allowed  to 
harden  before  reverse  bias  was  applied.  Figure  17  shows  these  two 
conditions. 


50  V/CM 


WAX  APPLIED  WITH  BIAS  ON 


50  V/CM 


WAX  APPLIED  WITH  BIAS  OFF 

Fig.  17.  V-I, characteristics  of  planar  diode  with  "frozen  in" 
surface  ion  distribution. 

The  upper  photograph  shows  the  characteristic  when  bias  was 
applied  throughout  the  waxing  procedure,  and  the  lower  photograph 
shows  the  reverse  characteristic  upon  applying  bias  after  the  wax  had 
hardened.  When  the  wax  was  melted  with  bias  applied,  "walk  out" 
occurred,  and  breakdown  voltage  increased  from  130  V  to  approxi¬ 
mately  300  V.  In  addition,  channel  current  increased  from  20  pA  to 
nearly  1  mA.  The  magnitude  of  reverse  bias  applied  during  the  time 
the  wax  was  soft  was  the  essential  factor.  The  upper  curve  was 
"froaen"  with  300  V  bias  applied,  hence  a  large  amount  of  charge 
separation,  channeling  and  increased  Vs.  The  lower  curve,-  on  the 
other  hand,  was  "frozen"  with  no  bias,  hence  no  charge  separation, 
higher  surface  fields,  and  reduced  Va.  Once  the  wax  had  hardened, 
it  was  found  that  both  V-I  characteristics  were  very  stable,  and  were 
impervious  to  moisture  or  other  ambients  except  for  those  that  dissolve 
the  wax.  This  diode  was  stored  in  the  high  VB  ("walked  out" )ccnditioa 
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and  retested  periodically  over  a  one  month  period.  A  slow  drift  back 
to  the  "pre-frozen"  condition  was  observed,  which  took  nearly  a  full 
month,  rather  than  seconds  as  observed  without  surface  protection. 
Although  the  surface  charges  were  not  permanently  "frozen  in",  this 
experiment  is  clear  evidence  that  the  V-I  characteristics  of  a  p-n 
junction  can  be  tailored  by  fixing  the  surface  ion  distribution  in  a 
manner  similar  to  that  just  described. 

5.  SUMMARY 

Diodes  of  various  geometrical  dimensions  and  breakdown 
voltages  were  diffused  into  p-  as  well  as  -n  type  material.  Various 
oxide  preparation  techniques  were  employed.  Quantitative  measure¬ 
ments  of  the  potential  distribution  on  the  surface  determined  by  the 
Kelvin  vibrating  condensor  method  were  performed.  The  measure¬ 
ments  were  carried  out  in  dry  and  humid  ambients.  The  contact 
potential  distribution  observed  after  bias  had  been  applied  for  a 
certain  length  of  time  was  compared  to  the  complementary  error 
function  solution  expected  for  a  distributed  capacitance  and  sheet 
resistance.  From  the  theoretical  curve  fitting  the  experimental  data 
best,  the  diffusion  coefficient  of  the  charges  on  the  oxide  surface  could 
be  estimated. 

After  bias  removal  the  accumulated  positive  and  negative 
charges  were  allowed  to  decay.  Significant  differences  of  decay  times 
could  be  observed  determined  by  the  chemical  preparation  of  the 
sample.  In  particular,  a  treatment  with  water  caused  peculiar  dif¬ 
ferences  of  the  behavior  of  positive  and  negative  charges. 

In  the  last  part  of  this  paper  the  influence  of  mobile  charges 
on  device  characteristics  is  described.  The  relationship  between 
oxide  contact  potential  and  diode  leakage  current  was  established. 

The  vibrating  condensor  probe  was  also  used  to  determine  the  corre¬ 
lation  between  surface  charges,  oxide  contact  potential  and  diode 
breakdown  voltage.  The  time  dependences  of  the  leakage  current 
and  the  breakdown  voltage  we*e  investigated.  Particular  emphasis 
was  put  on  a  study  of  the  influence  of  an  external  bias  applied  to  a 
gate  electrode  on  the  breakdown  voltage.  Finally,  methods  for 
stabilizing  the  device  characteristics  by  heating  of  the  sample  or 
freezing  of  mobile  surface  charges  were  investigated.  It  has  been 
shown  that  a  treatment  with  silicone  rubber,  KPR,  and  black  wax, 
as  well  as  the  evaporation  of  a  thin  metal  layer  enhance  the  relia¬ 
bility  of  the  planar  diodes. 
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abstract 

The  physical  mechanisms  of  the  formation  of  channel  currents 
associated  with  reverse  biased  P-N  junctions  are  studied  in  detail. 

It  is  demonstrated  that  a  channel  characteristic  results  when  a  site 
of  very  high  carrier  generation  rate  is  connected  by  an  Inversion  layer 
to  the  P-N  junction.  Such  sites  are  shorn  to  be  due  either  to  a  fault 
associated  with  the  field-induced  junction  between  the  inversion 
layer  and  underlying  silicon,  or  to  the. breakdown  of  this  junction. 


1.  INTRODUCTION 

Typical  reverse  characteristics  of  silicon  planar  diodes  are 
shown  both  on  linear  and  log-log  scales  in  Figure  la.  Characteristics 
such  as  these  are  referred  to  as  hard  characteristics.  Also  shown 
in  Figure  1  are  the  reverse  characteristics  corresponding  to  the  two 
most  common  reverse-bias  failure  modes.  The  first  of  these,  the  soft 
characteristic,  has  been  shown  by  Qoetsberger  and  Shocklay  (1)  to  be 
the  reault  of  the  presence  of  defects  within  ths  depletion  region  of 
the  junction.  The  second,  the  channel  characteristic,  is  the  subject 
of  this  paper. 

It  is  well  known  that  surface  inversion  of  one  side  of  the 
junction  plays  an  Important  role  in  channel  current  Junction 
failures.  Therefore  we  shall  begin  by  briefly  reviewing  the  mechanisms 
of  inversion  layer  formation  on  thermally  oxidised  silicon  surfaces. 
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Figure  1 

Comparison  between  a  hard  reverse  characteristic  and  the  reverse 
characteristics  corresponding  to  the  two  most  cannon  reverse-bias 
failure  modes.  Note  from  the  log-log  characteristics  that  the 
reverse  currents  of  the  failed  junctions  are  orders  of  magnitude 
larger  than  the  reverse  current  of  the  hard  junction. 


2* _ mviMiow  um  fowmiioh 

A  clean  thermal  oxide  la  characterised  by  a  positive  surface 
state  charge  which  la  fixed  at  the  oxlde-slllcon  Interface  (2).  The 
density  of  this  charge  per  unit  area,  Qls ,  is  generally  of  the  order 
of  lO*-*- 10*2  electronic  chargee /cm2.  If  Its  magnitude  is  large 
and  the  doping  concentration  of  the  silicon  low,  the  positive 
surface  state  charge  will  induce  an  Inversion  layer  on  P-type  material 
as  Illustrated  in  Figure  2a. 

A  second  type  of  positive  charge  which  can  he  present  in  SiO 
Is  due  to  alkali  Ion  contamination  (Figure  2b).  Such  charge  can  2 
migrate  readily  In  the  oxide  at  elevated  temperatures.  The  kinetics 
of  this  migration  have  been  studied  in  detail  by  Snow  et.  al.  (3)  using 
MOB  capacitors. 

additional  type  of  positive  charge  which  can  exist  within  the 
oxide  la  a  positive  space-charge  that  develop*  upon  exposure  to 
Ionising  radiation  (A).  This  is  Illustrated  in  Figure  2c. 
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figure  2 

Schematic  representation  of  mechanisms  of  inversion  layer  formation 
on  thermally  oxidised  silicon  surfaces.  The  mechanisms  illustrated  are 
due  to  (a)  surface  state  charge ,  Qga  ,  lb)  Nat-  ions  within  the  oxide , 
(c)  positive  space  charge  resulting  from  ionising  radiation  and  id) 
net  charge  on  ths  outer  surface  of  the  oxide. 


In  Figure  24  an  Inversion  layer  caused  by  a  net  positive  charge 
on  the  outer  surface  of  the  oxide  Is  shown.  Such  a  charge  can  readily 
arise  In  the  presence  of  an  electric  field  If  moisture  Is  present  in 
the  aabient  (5).  Unlike  the  surface  state  charge  Q(8l  and  Ionic 
contanlnatlon  within  the  oxide,  the  net  charge  on  the  oxide  can  be 
either  positive  or  negative. 

In  the  absence  of  a  metal-over-oxide  gate,  the  net  charge  due  to 
the  above  mechanisms,  5$,  will  induce  an  equal  and  opposite  charge,  Qg, 
In  the  semiconductor.  The  absolute  value  of  Q(  corresponding  to  the 
onset  of  Inversion, jQg(lnv) |  ,  la  given  In  Figure  3  as  a  function  of 
surface  Impurity  concentration,  Cg.  For  a  F-type  semiconductor. 
Inversion  occurs  when  EQ  is  positive  and  exceeds  |Qg(inv)|  given  by 
Figure  3  for  the  surface  concentration  of  the  material.  For  an  N-type 
semiconductor  Inversion  occurs  when  Jt)  Is  negative  and  larger  in 
oMgnitude  than  |Q({inv)| 

Another  way  of  Inducing  an  Inversion  layer  Is  simply  by 
application  of  a  voltage  to  the  gate  of  an  HOB  structure.  By  varying 
the  voltage,  the  condition  of  the  surface  under  the  gate  can  be  varied 
in  a  controlled  manner  from  strong  inversion  to  strong  accuawlat ion. 
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Figure  3 

The  magnitude  of  the  total  charge  induced  in  the  silicon  at  the  onset 
of  inversion,  \Qe(inv)\  ,  as  a  function  of  the  surface  impurity 
concentration,  Cg.  This  relationship  uas  obtained  by  setting  0s=0p 

in  Equation  (5)  of  Ref  2.  A  scale  giving,  the  corresponding  surface 
field,  E  ,  is  also  included;  this  field  is  given  by  Gauss's 
law,  EtfJ}g(inv) /K8£q 


3.  CAMtm  pg  WE  RATION 

Any  of  the  mechanism*  of  Inversion  layer  formation  reviewed  in  the 
last  section,  or  a  coed) Inat Ion  of  them,  ecu  result  In  inversion  of  the 
surface  of  one  side  of  a  Junction.  In  Figure  4  a  P+N  junction  having 
a  metal -over-oxide  gate  covering  all  of  the  junction  perimeter  and 
extending  out  over  part  of  the  N  region  Is  shown.  By  applying  a 
negative  voltage  to  this  gate,  the  surface  of  the  H  region  under  the 
gate  can  be  Inverted.  A  field- Induced  junction  then  exists  In  parallel 
with  the  original  metallurgical  junction  as  Illustrated. 

It  is  commonly  assumed  In  the  literature  that  when  conditions 
are  such  as  illustrated  In  Figure  4  a  large  channel  current  inevitably 
results.  The  fact  that  channel  currents  can  be  orders  of  magnitude 
greater  than  the  reverse  current  of  a  corresponding  hard  junction 

(see  Figure  1)  la  usually  attributed  to  the  existence  of  a  high . 

concentration  of  thermally  activated  carrier  generation  centers  close 
to  the  oxlde-sllicon  Interface.  The  validity  of  this  model  in  the  case 
of  large  channel  currents  is  highly  doubtful  as  is  shown  by  the 
following  arguments: 
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Prom  theoretical  cone iderat ion*  the  density  of  such  centers 
required  for  a  particular  channel  current  can  be  calculated 
if  both  the  area  and  the  depletion  region  width  of  the 
field-induced  Junction  are  known.  Values  Obtained  in  this 
manner  are  many  orders  of  magnitude  too  high  for  the  model 
to  be  at  all  feasible.  Por  exssiple,  for  those  channel  currents 
associated  with  P+  regions  (which  we  will  consider  in  detail 
later)  one  gets  the  following  values  (6) : 

Required  density  of  surface  generation  centers 
aslO^ca*^,  i.e.  *J.OO  per  surface  atom 

Required  density  of  bulk  generation  centers 
salo23ca*3,  i.e.  ~10  per  bulk  atom. 

Experimentally  one  can  observe  the  change  in  reverse  current 
of  a  gated  diode,  such  as  that  illustrated  in  Plgure  4,  as  the 
condition  of  the  surface  under  the  gate  is  varied  from 
strong  accuaailation  to  strong  inversion.  Typically  this 
change  is  very  ssuill  (as  will  be  shown  in  a  later  figure) 
in  disagreement  with  the  predictions  of  the  model. 


A  field-induced,  .junction  in  parallel  with  a  metallurgical'  junction. 

Thus  it  appears  that  a  channel  current  involves  not  only  an 
inversion  layer  but  also  some  site  of  very  high  carrier  generation 
rate  which  can  supply  carriers  to  this  inversion  layer,  i.e., 

CHANWL  CURRENT  -  INVERSION  LAYER  +  CARRIER  GENERATION  SITE. 
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The  remainder  of  thle  paper  will  be  devoted  to  the  consideration  of 
such  carrier  generation  sites.  It  will  be  shown  that  the  generation 
mechanisms  fall  Into  two  classes :  (1)  mechanisms  Involving  defects  In 
the  depletion  region  of  the  field-induced  junction,  and  (11) mechanisms 
involving  breakdown  of  the  field-induced  junction.  Since  the  excess 
currents  which  can  flow  In  metallurgical  junctions  also  Involve  either 
a  defect  within,  or  breakdown  of  the  Junction,  there  Is  a  close 
analogy  between  these  two  types  of  large  excess  currents.  A  defect  In 
the  depletion  region  of  a  metallurgical  junction  results  In  a  soft 
characteristic  (1),  whereas  a  defect  In  the  depletion  region  of  a 
field-induced  junction  results  In  a  channel  characteristic.  In  the 
latter  case  the  carriers  muat  flow  through  the  series  resistance 
associated  with  the  inversion  layer  and,  because  of  this,  current 
saturation  occurs  as  in  an  NOS  translator.  In  the  same  way,  when 
the  field-induced  Junction  breaks  dawn,  this  series  resistance  gives 
rise  to;  a  saturating  channel  characteristic  instead  of  the  customary 
breakdown  character 1st lc  of  metallurgical  Junctions. 

4.  FAULTS  ASSOCIATE)  WITH  THK  PEBlMBS  JPHCIIOH 

tie  will  first  consider  those  carrier  generation  mechanisms  which 
Involve  some  fault  or  defect  associated  with  the  field-induced  junction. 
These  mechanisms  will  be  demonstrated  by  controlled  experiments  using 
gated  diodes.  The  diodes  initially  had  hard  reverse  characteristics, 
even  whan  the  voltage  applied  to  the  gate  was  such  that  the  surface 
under  the  gate  vas  strongly  Inverted.  A  carrier  generation  site  was  then 
dclibarately  created  resulting  In  a  large  channel  current.  He  will 
study  the  first  experiment  in  seme  detail,  even  though  It  Is  very 
simple,  because  It  corves  to  bring  out  the  significance  of  the 
concept  contained  In  tha  channel  expression  given  above. 

4a.  Carrier  generation  At  gcrlbe  Linas 

The  first  experiment  Involved  a  gated  N+P  diode  having  the 
structure  shown  In  the  Inset  to  Figure  5.  Note  that  the  gate  did 
not  extend  to  the  edge  of  the  die.  For  Vq^O,  none  of  the  P  surface 
of  this  device  was  inverted.  The  reverse  current  Initially  was  in 
the  10  to  100  pA  range  and  increased  only  5Z  upon  inversion  of  the 
surface  under  the  gate.  The  experiment  wae  ae  follows:  A  corner 
was  scribed  off  of  the  die  in  such  a  way  that  part  of  the  scribe  line 
passed  through  the  gate  but  not  through  the  metallurgical  junction. 

(This  is  indicated  schematically  by  the  section  line  AA  drawn  through 
the  croee-eectlon  of  the  device  In  Figure  5).  Then  with  a  positive 
gate  voltage, part  of  the  surface  of  the  F  region  could  be  Inverted 
all  the  way  from  the  metallurgical  Junction  to  the  new  acribe  line.  The 
reverse  characteristics  for  Vq«  0  (surface  not  inverted)  were  unchanged 
by  the  scribing;  the  curve-tracer  dleplay  waa  the  zero  current  trace 
shown  In  Figure  5.  However,  for  V_  sufficiently  positive  for  the 
surface  under  the  gate  to  be  Inverted  a  large  channel  current  flowed. 

The  particular  caae  shown  In  Figure  5  represents  s  six  orders  of 
magnitude  increase  in  1^  with  inversion  of  the  7  region. 


* 


V*  (volt*) 


Figure  5 

Reverse  current-voltage  characteristics  after  scribing  along  Section 
AA.  (Cg=  lxlO16  boron  atoms /cm3,  Qgg/q^ZxlO^arr2,  xo=0.7Sv). 

Let  us  now  consider  this  experiment  In  terms  of  the  channel 
expression  given  In  the  lest  section.  Initially,  a  channel  current 
did  not  flow  when  the  surface  of  the  F  region  was  Inverted;  this  lilies 
that  a  carrier  generation  alte  waa  not  present.  Since  after  scribing 
a  channel  current  did  flow  whenever  the  surface  of  the  F  region  was 
Inverted,  It  Is  concluded  that  scribing  along  line  AA  resulted  In  the 
creation  of  a  carrier  generation  site.  This  Is  not  unreasonable 
since  the  carrier  generation  rate  associated  with  the  severely 
damaged  region  along  the  scribe  line  Is  expected  to  be  extremely  high. 

The  same  result  as  above  la  obtained  by  extending  the  Inversion 
lcyer  all  the  way  to  the  original  scribe  lines.  This  can  be  shown 
very  easily  with  the  sane  gated  structure  by  blowing  moist  air  on  the 
surface  of  the  die  while  the  gate  Is  positively  biased.  As  shown 
schematically  In  Figure  6,  the  oxide  surface  then  tends  to  charge  up 
to  the  gate  potential  (5),  and  so  the  Inversion  layer  spreads 
outwards  from  the  gate.  If  Vg  Is  greater  than  a  critical  value  (which 
Is  a  function  of  the  charge  within  the  oxide,  the  oxide  thickness  and 
the  surface  concentration  of  the  P  region),  the  inversion  layer  will 
eventually  extend  from  the  metallurgical  Junction  to  a  scribe  line, 
and  a  channel  current  will  then  result. 
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Figure  6 

Illustration  of  the  role  of  oxide  surface  conduction  in  inducing  an 
inversion  layer.  When  the  inversion  layer  reaches  a  defective 
region  (e.g.,  a  scribe  line),  channel  current  results. 


It  follawe  from  these  controlled  experiment*  that  channel  current* 
can  occur  In  production  device*  whenever  the  surface  of  a  device  becomes 
Inverted  all  the  way  from  a  metallurgical  junction  to  an  edge  of  the  die. 
thla  fact  account*  for  the  very  significant  reliability  Improvement  which 
results  by  surrounding  a  junction  with  a  diffused  channel-stop  region, 
since  It  la  much  leas  likely  that  an  Inversion  layer  will  then 
extend  all  the  way  to  a  scribe  line.  However,  a  channel-atop  does  not 
prevent  the  formation  of  the  other  types  of  channel  currents  which  will 
be  considered  In  the  remainder  of  this  paper. 


4b.  Carrier  Generation  At  Surface  Defects 

A  junction  with  an  annular  channel-stop  can  obviously  experience 
channel  current  failure  If  there  la  a  carrier  generation  site  between 
the  metallurgical  junction  and  the  channel -stop  region.  To 
demonstrate  this  a  carrier  generation  site  was  again  deliberately 
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created  In  a  gated  Jrt?  diode,  but  one  which  had  an  annular  P+  channel- 
atep  added  aa  shown  In  the  Inset  to  Figure  7.  The  Initial  reverse 
characteristics  are  shown  dotted  for  Vg  »  -  lOOv,  0,  and  +100v. (lOOv 
applied  to  the  gate  of  this  device  corresponds  to  a  net  charge  Induced 
In  the  silicon  of  magnitude  3x1012  electronic  charge  s/cm^).  Note, 
as  previously  pointed  out,  that  there  la  only  a  very  slight  change 
In  reverse  current  as  the  condition  of  tho  surface  of  the  P  region 
under  the  gate  Is  varied  from  strong  accuisulation  to  strong  Inversion. 


Figure  7 

Reveres  current-voltage  characteristics  before  (dotted)  and,  after 
(solid)  electrostatic  damage  to  the  oxide-silicon  interface  under  the 
gate.  (Cg=ixl0^5  boron  atoms/  crrr*,Qee/q=5xloH  cnr2,x  =0.7$u). 


The  technique  used  to  create  a  carrier  generation  site  In  this 
device  was  to  partially  discharge  a  capacitor  between  gate  and 
substrate.  (This  technique  is  based  on  the  well  known  fact  that  MOS 
devices  can  be  permanently  damaged  if  their  gates  pick  up  stray 
electrostatic  potentials}-.  The  instVlating  properties  of  the  oxide 
were  unchanged  by  the  discharge,  but  the  channel  characteristics  shown 
solid  in  Figure  7  resulted  when  the  P"  surface  was  inverted.  In  terms 
of  the  channel  expression,  a  carrier  generation  site  was  created.  The 
carrier  generation  site  might  possibly  be  aluminum  which  was  shot 


323 


through  some  weak  point  in  the  oxide  ai  a  result  of  a  localized  oxide 
breakdown  during  the  partial  discharge  of  the  capacitor.  This 
would  give  rite  to  a  region  of  extremely  high  carrier  generation 
rate  which  could  effectively  short  the  inversion  layer  to  the  under¬ 
lying  silicon.  It  is  interesting  to  note  here  that,  as  early  as 
1958,  Bray  and  Lindner  (7)  pointed  out  that  defects  resulting  from 
localized  oxide  breakdown  could  play  a  significant  role  in  channel 
current  failures  of  passivated  silicon  junctions. 

A  small  percentage  of  the  devices  of  the  type  shown  in  Figure  7 
were  found  to  have  initial  reverse  characteristics  similar  to  those 
shown  solid.  The  percentage  of  such  devices  depended  very  strongly 
upon  processing  history.  Since  the  incidence  of  defects  which  result 
in  soft  junctions  (1)  is  highly  process-dependent,  it  is  concluded  that 
these  devices  had  processing- induced  defects  between  the  metallurgical 
junction  and  the  channel-stop. 

The  channel  currents  juat  considered  are  of  the  same  class  es 
those  channel  currents  having  carrier  generation  sites  at  scribe 
lines,  because  in  each  case  the  carrier  generation  mechanism  Involves 
a  fault  associated  with  the  field-induced  junction.  He  will  now 
consider  a  completely  different  class  of  channel  currents,  a  class  in 
which  the  carrier  generation  mechanism  involves  an  intrinsic  property 
of  the  field-induced  junction  rather  than  a  fault.  This  property  is 
junction  breakdown. 


5.  BMABX3WH  OF  TUB  PIELD-ItPUCB)  JUNCTION 

The  controlled  experiments  which  were  considered  in  the  previous 
section  were  performed  on  IT*?  diodes.  For  these  devices  inversion 
was  induced  on  the  P  side  of  the  junction.  Analogous  results  are 
obtained  with  P+N  diodes  if  the  H  region  is  Inverted.  However,  since 
the  surface  state  charge  and  ionic  contamination  within  the  oxide  are 
both  poaltive,  inversion  of  N  material  is  less  likely  to  occur  in 
production  devices.  The  class  of  channel  currents  which  we  will  now 
consider  involves  inversion  of  the  surface  of  a  P+  diffused  region. 

If  the  concentration  of  poaltive  , charge  within  the  oxide  is  high, 
this  can  take  place  in  many  types  of  production  devices,  for  example 
P-H-P  .transistors  having  P+  annular  channel-stop  regions,  or  N-P-N 
transistors  where  theP*  region  Involved  is  the  bese. 

Controlled  experiments  were  performed  on  devices  which  were 
initially  hard.  The  structure  used  wee  the  gated  P+N  diode  shown  in 
Figure  8.  The  oxide  under  the  gate  of  this  structure  was  purposely 
contaminated  with  sodium  ions  using  the  method  of  Snow,  et.  el.  (3). 
This  method  involves  a  rinse  in  a  dilute  solution  of  sodium  chloride 
prior  to  metallization.  By  applying  a. positive  gate  voltage  at  an 
elevated  temperature  to  the  finished  devices,  Ha*  ions  from  the  NeCl 
trapped  at  the  metal-oxide  Interface  can  be  driven  down  to  the 
oxide-silicon  Interface,  and  then  "frozen"  Into  position  by  cooling 
under  Mas. 
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channel  currents  associated  with  P+  regions.  NaCl  contamination  was 
deposited  at  the  metal-oxide  interface  prior  to  metallization.  Nat¬ 
ions  could  then  be  driven  down  to  the  oxide-silicon  interface  on 
the  finished  devices.  (Cg-SxlO15  phosphorus  atoms/cm3,  QSs/ <?*3x2  02 1 cnr 2 
x=0.7v). 

The  devices  used  In  the  experiments  Initially  had  reverse 
currents  of  less  than  1  nA.  It  was  found  that  a  channel  current  ALWAYS 
resulted  when  the  density  of  Ka+  ions  near  the  oxlde-slllcon  Interface 
exceeded  a  critical  value.  This  is  shown  In  Figure  9,  where  lg  I_ 
(measured  at  VR-10v)  is  plotted  as  a  function  of  Q  ,  the  charge  per 
unit  area  induced  in  the  silicon  by  the  positive  charge  within  the 
oxide.  Q  was  varied  by  gradually  driving  Na+  ions  to  the  oxide- 
silicon  interface  and  its  value  was  determined  from  the  shift  of  MOB 
CV  characteristics  along  the  voltage  axis  (3). 

The  experimental  data  of  Figure  9  were  obtained  using  several 
diodes  from  a  device  run  having  a  P+  surface  concentration  of 
4xl018  boron  atooa/cm3.  The  value  of  Q,  at  the  onset  of  inversion  of 
a  P+  surface  of  this  concentration  (obtained  from  Figure  3)  is 
indicated  in  the  figure;  note  that  channel  currents  appear  when  the 
magnitude  of  Qg  exceeds  this  value.  Thus  the  onset  of  channel 
current  flow  corresponds  to  the  formation  of  a  field-induced  junction 
as  shewn  in  Figure  10. 

A  very  large  increase  in  zero-bias  junction  capacitance  occurs 
along  with  the  onset  of  channel  current  flow.  This  is  to  be  expected 
on  the  basis  of  the  representation  of  Figure  10  because  the 


325 


Figure  9 

Reverse  current  at  Vjf=10  volts  as  a  function  of  the  charge  per  unit 
area  induced  in  the  silicon ,  Qg.  Experimental  data  were  obtained 
using  several  diodes  from  a  device  run  having  a  ?+  surface  concentra¬ 
tion  of  4xio IS.  boron  atoms/cm  . 

capacitance  of  the  field-induced  junction  is  in  parallel  with  the 
capacitance  of  the  metallurgical  junction.  Since  the  field-induced 
junction  area  is  know,  a  value  for  its  depletion  region  width  can  be 
estlaated  from  this  increase  in  capacitance.  This  value  is  ~100  A 
and  is  in  reasonable  agreeaent  with  the  theoretically  calculated 
value  of  the  maximum  width  of  the  depletion  region  corresponding  to 
inversion  of  the  P+  surface  (2). 

Having  accounted  for  the  inversion  layer  term  of  the  channel 
expression,  we  will  now  turn  our  attention  to  the  carrier  generation 
mechanism  responsible  for  supplying  carriers  to  this  Inversion  layer. 
It  is  possible  to  determine  this  mechanism  by  studying  the  channel 
characteristics  in  detail. 

Typical  characteristics  are  shown  in  Figure  11.  The  saturation 
value  of  the  channel  current  is  again  determined  by  the  properties 
of  the  inversion  layer,  and  can  be  modulated  by  varying  Vg  as  shown. 
The  shape  of  the  low  current  part  of  the  characteristic  is  determined 
by  the  carrier  generation  mechanism.  Note  that  this  part  looks  very 
much  like  the  breakdown  characteristic  of  a  junction.  Experimental 
evidence  that  it  is  in  fact  the  breakdown  characteristic  of  the 
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fie Id- Induced  junction  between  the  invert ion  layer  and  the  P+  region 
haa  been  preaented  in  detail  by  the  authora  elsewhere  (6).  Thla 
evidence  will  now  be  briefly  reviewed. 

Breakdown  of  the  field-induced  Junction  of  Figure  10  ia 
determined  by  the  aurface  concentration  of  the  P+  region.  Thua  if  the 
lew  current  part  of  the  channel  characteriatlc  la  Indeed  the  reault  of 
breakdown  of  the  field-induced  junction,  then  ita  ahape  should  in 
turn  depend  on  the  P+  aurface  concentration.  Thla  la  in  fact  the  caae 
as  can  be  seen  in  Figure  12  where  the  low  current  parts  of  channel 
characteristics  are  plotted  with  P+  surface  concentration  aa  parameter. 
Also  shown  in  this  figure  are  reverse  characteristics  of  narrow  alloyed 
silicon  tunnel  junctions  of  Chynowe.th  et.  al.  (8)  with  bulk  doping  as 
parameter.  Note  the  qualitative  agreement  between  the  characteristics. 


Figure  10 

The  field-induced  junction  in  parallel  with  the  metallurgical 
junction  following  the  onset  of  a  channel  current  associated  with 
a  Tr  region. 

The  characteristics  of  Figure  12  can  be  quantitatively  compared  by 
plotting  the  breakdown  voltages  of  the  junctions  of  Chynoweth  et.  al.(8) 
and  the  offset  voltages  of  the  channel  current  characteristics  (both 
measured  at  IpA)  vs.  doping  concentration.  Such  a  plot  is  shown  in 
Figure  13.  There  is  good  quantitative  agreement  over  three  orders  of 
magnitude  of  both  voltage  and  doping  concentration.  This  agreement 
indicates  that  it  is  breakdown  of  the  field-induced  Junction  that 
determines  the  low-current  part  of  the  channel  characteristics, 
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Channel  current-reverse  voltage  characteristics  as  a  function  of  gate 
voltage  at  T  =  -66°C  for  a  device  having  a  P*  surface  concentration  of 
4x1  (ft 8  boron  atoms /am2 . 


It  would  be  expected  for  the  lew  offset-voltage  cases  (  ~  1  V  and 
less)  that  the  breakdown  mechanism  Is  tunneling.  The  fact  that  these 
voltages  decrease  with  increasing  temperature  shows  that  this  is 
Indeed  the  ct3e.  Furthermore,  the  value  of  Q(  at  the  onset  of 
channel  current  flow  corresponds  to  a  surface  field  EgwdO^w /cm  as  can 
be  seen  from  Figure  3.  This  value  and  the  value  of  ~100  A  given  above 
for  the  depletion  region  width  of  the  field-induced  junction  are  both 
of  the  correct  magnitude  for  tunneling  to  occur.  In  the  greater  than  10 
volt  offset  cases,  the  temperature  dependence  is  opposite  to  that 
of  the  1  carer  offset  cases  indicating  that  the  breakdown  mechanism  is 
avalanche.  These  observations  thus  confirm  that  breakdown  of  the  field- 
induced  junction  determines  the  low  current  part  of  channel  character¬ 
istics  associated  with  P+  regions,  i.e.,  the  carrier  generation 
mechanism  involved  is  breakdown  of  the  field-induced  junction. 

In  the  above  controlled  experiments  care  was  taken  to  maintain 
a  uniform  density  of  Na+  ions  et  the  oxide-silicon  interface.  However, 
in  actual  production  devices,  the  concentration  of  positive  charge  with¬ 
in  the  oxide  may  vary  radically  from  point  to  point.  Such  variations 
can  in  turn  affect  the  channel  characteristics  as  the  following 
experiment  demonstrates. 
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Figure  12 

Comparison  between  the  lew  current  parts  of  channel  characteristics 
and  the  reverse  characteristics  of  the  narrow  alloyed  silicon 
tunnel  functions  of  Chynoweth  et.  at.  (8)  at  T  *  2S°C.  The  concentra¬ 
tion  values  designate  the  estimated  Pt  surface  concentrations  and 
the  substrate  concentrations >  respectively. 


In  Figure  14  the  revere#  character let Ice  of  a  gated  device 
following  channel  current  failure  are  shown  dotted.  The  lnaet  labeled 
"Before"  schematically  ehowa  the  originally  uniformly  dietrlbuted  Na+ 
lone  and  the  resulting  inversion  layer.  The  junction  was  then  reverse 
biased  well  into  avalanche  for  about  a  minute.  The  reverse 
characteristics  after  avalanching  are  shown  solid.  Note  that  a 
channel  current  did  not  flow  until  Vg«  20v.  The  explanation  of  this 
is  indicated  schematically  in  the  "After"  inset.  Because  of  the 
localised  heating  of  the  oxide  in  the  vicinity  of  the  Junction 
during  avalanching  and  the  action  of  the  junction  fringing  field,  the 
Na+  Iona  were  rearranged  to  the  configuration  ahown  in  this  inset. 

Thus  after  avalanching,  the  inversion  layer  was  Isolated  from  the 
junction  (9)  until  depletion  region  ©  spread  far  enough  into  the 
P+  region  to  touch  depletion  region  © . 
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Figure  13 

Offset  voltages  of  channel  characteristics  and  breakdown  voltages 
of  the  narrow  alloyed  silicon  functions  of  Chynoweth  et .  al.  (8) 

(both  measured  at  luA)  as  a  function  of  P+  surface  concentration  and 
bulk  concentration ,  respectively,  at  T*  25~C.  Each  point  from  this 
work  repress)  e  a  separate  device  run.  Diode  to  diode  variation  in 
each  device  run  was  negligible. 

The  validity  of  the  above  model  was  demonstrated  by  measuring 
the  zero-bias  capacitance  of  the  junction.  Prior  to  driving  Na+  ions 
down  to  the  oxide -silicon  interface  the  zero-bias  capacitance  of  the 
device  of  Figure  14  was  9.0  pf ;  this  value  represents  the  capacitance 
of  the  metallurgical  Junction  alone.  Following  the  onset  of  channel 
current  flow,  the  capacitance  increaaed  to  47.0  pf,  the  additional 
capacitance  being  that  of  the  field-induced  junction.  After  avalanching 
in  the  manner  described,  the  capacitance  returned  to  8.3  pf  indicating 
that  the  inversion  layer  was  now  isolated  from  the  metallurgical 
junction  at  zero  applied  junction  bias,  corresponding  to  the  picture 
in  the  "After"  inset. 


BEFORE 


AFTER 


Figure  14 

The  effect  of  the  fringing  field  of  a  junction  on  channel  character¬ 
istics  .  The  original  charnel  characteristics  are  shown  dotted; 
the  characteristic  after  avalanching  are  shown  solid. 

6.  CONCLUSION 

It  Itde  been  demonstrated  by  this  work  that  the  simple  expression 

CHANNEL  CURRENT  -  INVERSION  LAYER  +  CARRIER  GENERATION  SITE 

provides  the  basis  tor  understanding  channel  curzents.  Whereas  the 
physical  mechanisms  which  give  rise  to  inversion  layers  have  been 
discussed  In  detail  in  the  literature  ,  the  mechanisms  responsible  for 
carrier  generation  have  been  all  but  neglected.  It  has  been  shown 
In  this  study  that  these  mechanisms  involve  either  (i)  a  fault  or 
defect  associated  with  the  f ie Id- induced  junction  (the  junction 
between  the  inversion  layer  and  underlying  silicon)  or  (11)  breakdown 
of  the  fie Id "induced  junction.  Since  the  excess  currents  which 
esn  flow  in  metallurgies!  junctions  slso  involve  either  s  defect 
within,  or  breakdown  of  toe  junction,  a  complete  analogy  can  be  made 
between  these  two  types  of  large  excess  currents.  The  difference  In 
the  shape  of  characteristics  is  due  to  the-  additional  series 
resistance  associated  with  the  inversion  layer  alons  vMch  the 
channel  current  must  flew.  This  series  resistance  gives  rise  to  the 
distinctive  saturating  characteristic  of  channel  currents. 
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EFFECT  OF  AMBIBR  0*  BREAKDOWI  OF  SILIC05  P-H  JUHCTIONS 


John  F.  Carroll 
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Oriffiaa  Air  Force  Sue,  Rev  York 


Introduction 


Hie  occurrence  of  microplaama  breakdown  considerably  below  bulk 
breakdown  in  reliable  devices  has  been  considerably  reduced  through  im¬ 
proved  processing  controls,  screen  tests,  and  bum- in  tests.  Field 
plates,  guard  rings,  and  design  of  junctions  so  that  breakdown  is  in  the 
bulk  can,  in  many  Instances,  be  e^loyed  to  prevent  surface  breakdown 
through  design  of  the  device.  Hie  re  still  remains,  however,  those  de¬ 
vices  in  which  these  design  techniques  cannot  be  employed  or  those  in 
which  these  design  techniques  can  themselves  be  the  cause  of  high  leak¬ 
age  or  premature  breakdown  due  to  defects.  It  is  the  purpose  of  this 
paper  to  show  that  surface  effects  can  significantly  influence  prefer¬ 
ential  breakdown  near  the  surface. 

Light  emission  at  breakdown  and  its  change  with  surface  conditions 
can  provide  significant  information  on  the  Junction  characteristics  and 
surface  condition  of  planar  silicon  devices.  Extensive  studies  have 
beer  made  by  various  workers  on  field  emission,  avalanche  breakdown  and 
microplasma  breakdown.  Most  studies  have  been  concerned  with  the  limit¬ 
ing  situations  of  low  voltage  tunneling,  uniform  avalanche,  large  num¬ 
bers  of  metal  precipitates,  etc.  In  silicon  planar  high  reliability 
devices,  deviation  from  ideal  behavior  is  often  caused  by  a  relatively 
low  number  of  defect  sites  and  their  interaction  w i  th  surface  fields . 

The  assumption  made  in  analyzing  data  from  experimental  studies 
of  junction  and  surface  interactions  and  reliability  test  programs  can 
-  be -verified  in  many  instances  through  observation,  .of  the  light  emission 
during  reverse  bias.  The  light  emission  from  the  Junction  is  dependent 
on  the  distance  of  the  source  of  light  from  the  surface,  type  of  defect, 
position  of  the  defect  with  respect  to  the  metallurgical  junction,  sur¬ 
face  condition  and  the  applied  field. 
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Light  emission  near  the  surface  appears  white  and  as  the  break¬ 
down  increases  in  depth  the  color  becomes  deep  red  due  to  the  absorp¬ 
tion  properties  of  the  silicon.  Light  from  near  the  surface  can  be 
observed  at  a  leakage  current  in  the  order  of  1  microampere  through 
the  breakdown  region  whereas  light  from  a  few  microns  below  the  surface 
required  reverse  currents  in  the  miHiajqp  range  and  are  difficult  to 
locate.  Jtaission  from  greater  than  3  microns  will  not  be  observed  at 
reasonable  current  levels . 

To  locate  the  light  emission  from  a  small  defect  it  is  necessary 
to  apply  a  voltage  considerably  greater  than  the  tum-on  voltage  due  to 
the  small  amount  of  light  emission  at  turn-on  when  the  plasma  has  a 
high  resistance  after  breakdown.  If  the  defect  breakdown  voltage  is 
close  to  the  bulk  breakdown  voltage  and  exhibits  a  high  resistance 
characteristic  it  will  not  be  observed  since  the  applied  voltage  will 
be  limited  to  the  value  of  the  bulk  breakdown  voltage.  This  is  why 
even  with  a  strong  channel  condition  light  emission  from  breakdown  in 
a  channel  is  seldom  observed. 

The  limiting  series  resistance  associated  with  various  defects 
after  breakdown  is  usually  greater  than  100k  ohms  for  point  defects  and 
less  than  25k  ohms  at  the  comer  of  a  rectangular  diffusion.  In  most 
commercial  devices  the  resistance  after  breakdown  will  be  less  than 
1000  ohms  with  an  applied  bias  which  is  a  few  volts  above  breakdown. 

Small  point  defects  (less  than  0.5  micron)  which  cause  breakdowns 
with  a  hieh  limiting  resistance  can  have  either  a  sharp  breakdown  or  a 
soft  breakdown.  The  characteristics  appear  to  be  governed  by  the  type 
of  defect,  location  with  respect  to  the  surface,  surface  condition  and 
the  field  in  the  depletion  layer  at  the  defect.  If  It  is  in  the  bulk 
junction  well  below  the  surface,  it  will  be  unaffected  by  surface 
changes. 

A  strong  channel  in  the  low  resistivity  region  will  cause  a  low 
soft  breakdown  with  white  uniform  light  emission  in  the  region  where 
the  metallurgical  junction  meets  the  surface.  A  strong  channel  on  the 
high  resistivity  side  of  a  deep  diffusion  will  force  the  breakdown  to 
be  far  below  the  surface  with  a  high  sharp  breakdown.  If  there  is  a 
low  voltage  breakdown  region  in  the  channel,  high  leakage  at  low  voltage 
or  an  offset  type  I-V  characteristic  will  be  observed.  When  sufficient 
voltage  can  be  applied  to  the  channel  Junction,  light  emission  may  be 
observed  in  the  channel.  The  observation  of  light  emission  outside  the 
depletion  layer  spread  of  the  metallurgical  Junction  is  seldom  observed 
due  to  the  nigh  series  resistance  of  the  channel. 

The  above  described  light  emission  provides  a  good  picture  of  the 
Junction  at  the  surface  in  the  extreme  condition  of  strong  accumulation 
or  inversion.  The  low  voltage  and  high  current  reverse  characteristics 
provide  sufficient  information  to  assess  the  reliability  of  devices 
with  these  characteristics.  Most  devices  will  not  be  in  either  of  these 
extreme  conditions  but  rather  in  some  intermediate  state.  The  charac¬ 
teristics  will  be  determined  to  a  large  degree  by  small  defects,  either 
where  the  junction  meets  the  surface,  or  in  the  channel,  since  gross 
defects  can  be  screened  by  visual  inspection.  If  the  defect  is  well  be¬ 
low  the  surface,  It  will  usually  be  stable  and  can  be  screened  according 
to  the  required  specification  with  a  high  degree  of  confidence. 


334 


A  similar  defect  at  the  surface  has  the  possibility  of  o.  changing 
current- voltage  characteristic  with  time,  depending  on  bias,  temperature 
end  ambient,  "he  initial  condition  of  the  surface,  particularly  in  the 
region  where  tie  junction  meets  the  surface,  will  cause  anonfilous  re¬ 
sponses  to  stress  conditions.  For  example,  a  defect  may  he  active  and 
the  stress  can  cause  it  to  become  inactive,  or  the  converse  can  be  true, 
depending  on  location  of  the  defect  and  initial  surface  condition.  It 
is  necessary  therefore  to  understand  the  role  of  defects  and  their  in¬ 
teraction  with  the  surface  to  effectively  design  and  interpret  relia¬ 
bility  tests  of  devices. 

Experimental  Observations 

Diodes  available  were  surveyed  for  an  isolated  premature  break¬ 
down  with  the  following  characteristics  (l)  near  the  surface  (2)  light 
emission  at  about  ^  of  bulk  breakdown  voltage  of  the  Junction  (3)  no 
significant  other  pre nature  breakdown  (4)  high  leakage  at  low  voltage 
and  (5)  resistance  after  breakdown  of  greater  than  50k  ohms.  A  plasma 
cn  a  large  area  (74  x  122  oils)  p*-n  device  with  1.0  ohms  -  cm  material, 
7  micron  diffusion,  and  steam  grown  oxide  was  found  which  satisfied 
these  criteria.  A  photograph  of  the  plasma,  is  shown  in  figure  (l) . 

The  diameter  of  the  plasma  Is  about  3*2  microns  and  the  P- region  is  on 
the  left  side.  A  40x  objective  with  an  KA  of  .65,  a  5*  eyepiece,  a  10 
minute  exposure  and  Polaroid  3000  film  was  used.  Hie  most  intense  re¬ 
gion  of  the  plasma  is  appxoxlnetely  1.1  microns  from  the  edge  of  the 
emission  on  the  p  region  side.  The  plasma  had  a  bluish  center  and  was 
very  bright  at  58  volts.  The  original  photograph  was  taken  at  310X 
with  10  minute  exposure.. 


Figure  1 

Photograph  of  piasira  in  initial  condition. 


335 


A  plot  of  photo  response  versus  voltage  Is  shown  in  Figure  (3). 

A  5  micron  spot  size,  chopped  light  source  and  a  Frineeton  Research 
Associated  lock-in  amplifier  were  used.  The  photo  response  was  3mall 
and  was  consistent  with  measurements  nade  on  similar  point  sources  of 
light  emission  at  the  surface  of  other  devices.  The  plot  is  at  the 
point  of  maximim  response,  which  was  ax  the  point  of  initial  high  emis¬ 
sion,  or  slightly  on  the  p  side  of  that  point.  The  response  fell  off 
rapidly  in  all  directions  from  the  point  of  mximum  response.  The  flat 
portion  below  breakdown  shows  that  the  size  of  the  light  spot  is  much 
larger  than  the  breakdown  region  Bo  attempts  were  made  to  correct 
for  impedance  of  the  diode,  light  spot  intensity  and  size,  or  ^VB 
effects . 


Figure  3- 

Photo response  versus  voltage  at  plasma  site. 


In  the  process  of  making  photo  response  measurements  the  plasma 
became  dim  and  difficult  to  locate.  The  voltage  at  which  light  emis¬ 
sion  could  be  observed  wa3  about  42  volts.  The  photo  response  in¬ 
creased  and  the  location  of  the  maximum  response  moved  from  the  site  of 
the  plasma  to  about  10  microns  from  the  plasma  in  the  direction  normal 
to  Junction  as  shown  in  Figure  (4). 


337 


After  the  position  of  maximum  photo  response  was  passed  the  response 
fell  off  slowly  as  the  light  spot  moved  away  from  the  junction.  Along 
lines  perpendicular  to  the  line  through  the  plasma  and  the  maximum 
photo  response  the  photo  response  fell  off  rapidly  with  distance.  The 
general  characteristic  of  the  maximum  response  versus  voltage  is  shown 
in  figure  (5).  It  was  established  that  moisture  had  been  the  cause  of 
the  change.  Return  towards  the  initial  condition  was  observed  when  the 
lead®  were  shorted.  Ibis  was  verified  by  increasing  brightness  of  the 
plasma  at  a  given  voltage,  Increase  in  leakage,  and  change  in  photo  re¬ 
sponse  maximum  and  position. 


General  shape  of  photo  response  after  reverse  bias  and  water  vapor. 
Maximum  photo  response  has  moved  from  the  plasma  cite  and  is  localized 
10  microns  from  p-n  junction. 


It  was  observed  that  when  the  plasma  was  in  the  dim  condition, 
a  diffuse  red  streamer  appeared  after  breakdown  of  the  plasma  site  in 
a  direction  normal  to  the  junction.  This  is  shown  in  Figure  (6)  where 
the  plasma  on  the  right  is  the  light  emission  characteristic  in  the 
initial  condition  and  the  one  on  the  left  is  the  same  plasma  after 
drift  caused  by  moisture  on  the  surface.  Both  photograph  are  at  58 
volts  reverse  bias.  The  distance  from  the  intense  area  in  the  original 
photograph  to  the  edge  of  light  emission  on  the  substrate  side  is  about 
the  same  distance  as  the  length  from  the  center  of  the  bright  spot  to 
the  end  of  the  streamer  in  the  drifted  condition  which  ia  about  2  mi¬ 
crons.  Photographs  were  taken  at  various  reverse  voltages  using  time 
exposure  to  determine  the  effect  of  voltage  on  the  streamer  and  the 
sensitivity  of  the  film  on  the  photographs. 

Figure  (7)  is  a  composite  of  four  photographs  of  the  plasma  at 
the  following  reverse  voltages  and  time  exposures:  (l)  45  volts,  10 
minutes  (2)  JO  volts,  10  minutes  (3)  50  volts,  30  minutes  and  (4)  55 
volts,  10  minutes.  In  the  reproduction  of  the  '45  volt  photograph  the 
exposure  was  three  times  that  of  the  other  three  photographs  so  its 
relative  intensity  in  the  actual  photograph  was  much  less  than  it 
appears  in  the  figure. 
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From  the  photographs  at  50  volt  reverse  hiss  the  length  of  the  streai&er 
bets  hardly  changed  while  the  width  is  significantly  effected  with  an 
increase  from  10  minutes  exposure  to  30  minutes  exposure.  It  can  "be 
seen  that  at  55  volts  reverse  bias  the  width  has  Increased. 


Figure  5« 


Khotoresponse  versus  voltage  at  plasma  site  showing  change  in  maximum 
response  due  to  reverse  bias  and  water  vapor. 


With  water  vapor  and  reverse  bias  at  58  volts  the  leakage  at 
breakdown  was  reduced  from  the  350  micro  amp  in  the  original  condition 
to  75  micro  amps.  The  restating  I-V  plot  is  shown  in  Figure  (8)  with 
the  original  I-V  plot.  It  is  apparent  that  the  low  voltage  leakage  has 
decreased  and  the  softness  of  the  curve  is  revealed.  Another  diode 
from  the  same  wafer  had  a  leakage  of  3  nanoamps  at  10  volts  and  40  nano- 
amps  at  40  volts.  Surface  breakdown  of  the  type  described  above  was 
act  observed  on  this  device. 
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Figure  6. 

* 

Two  photographs  of  same  plasma.  Photograph  on  right  Is  the  same  as 
Figure  1  and  the  one  on  the  left  Is  after  reverse  Mas  and  water  vapor. 
Original  photographs  were  taken  at  310*  and  58  volts  reverse  bias  with 

a  10  minute  exposure. 


Figure  7. 

Four  photographs  of  the  sane  plasma  after  reverse  bias  and  water  vapor 
From  the  lower  left  and  going  clockwise  the  reverse  voltages  and  time 
exposures  are  (l)  45  volts,  10  minutes  (2)  50  volts,  10  minutes  (3)  50 
volts,  30  minutes  and  (4)  55  volts,  10  minutes.  Original  photographs 
were  taken  at  310x. 
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REVERSE  VOLTA BE  (VOLTS) 

Figure  8. 

Current  versus  reverse  voltage  plot  of  diode  with  plasnft  in  initial  con¬ 
dition  and  after  reverse  Mas  with  water  vapor. 


Discussion 


Hie  model  for  the  observed  behavior  is  as  follovrs: 

a.  An  accumulation  situation  existed  at  the  surface  in  the 
initial  condition. 

b.  At  the  point  where  light  emission  appeared  there  was  a 

.def.ec.t.at_or..jjear.  the, surface,  of  the  silicon.  The  defect  was  probably 
a  metal  precipitate  as  evidenced  by  the  soft  character  of  the  I-V  curve 
and  the  deep  diffusion.  v 

c.  When  reverse  bias  was  applied,  breakdown  with  bright  emis¬ 
sion  took  place  between  the  defect  and  the  surface. 
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d.  When  the  diode  was  exposed  to  high  humidity  and  reverse 
tolas,  the  accumulation  was  reduced,  and  a  channel  was  formed  to  the  edge 
of  the  chip  due  to  the  Increased  mobility  of  contaminant  on  the  surface. 

e.  The  breakdown  now  took  place  from  the  defect  to  the  bulk 

depletion  layer. 

The  depletion  region  in  the  accumulated  condition  is  shown  in 
Figure  (9).  At  low  voltage,  field  emission  takes  place  from  A  to  B 
with  a  high  series  resistance  which  does  not  allow  the  voltage  to  in¬ 
crease  rapidly  across  the  depletion  region  near  the  defect.  From  the 
diameter  of  the  plasm  a  large  photo  response  would  be  expected  except 
for  the  high  limiting  resistance  and  the  very  narrow  depletion  region, 
a  A  plot  of  the  photo  response  data  showed  the  breakdown  is  at  35  volts 
which  is  the  voltage  at  which  light  was  observed.  The  saturation  of 
the  photo  response  at  to  volts  shows  that  the  depletion  region  at  the 
defect  Is  completely  broken  down. 


BREAKDOWN 


Hie  application  of  reverse  bias  and  water  vapor  to  the  sample 
eliminated  the  accumulation  condition  at  the  plasma  site  and  caused  a 
channel  condition.  The  change  was  probably  due  to  increased  mobility 
of  contaminant  on  the  surface  since  reversible  changes  could  be  pro¬ 
duced  with  reverse  biasing  at  breakdown  and  shorting  of  the  terminals 
at  room  tenperature . 

The  space  charge  region  in  the  channel  condition  is  shown  in 
Figure  (10).  The  breakdown  no  longer  takes  place  from  the  defect  to 
the  surface,  but  rather  is  from  the  defect  at  A  to  the  bulk  at  C.  The 
change  in  light  emission  due  to  the  change  in  surface  conditions  is 
consistent  with  the  I-V  curve  after  drift  and  the  photoresponse.  The 
leakage  current  at  low  voltage  decreased,  indicating  much  less  field 
emission  and  therefore  a  wider  space  charge  regionat  low  voltage. 

This  is  confirmed  by  the  increased  photo  response  ait  low  voltage.  The 
t»  plot  of  the  data  gave  a  breakdown  voltage  of  to  volts  and  light 
emission  could  be  observed  at  hZ  volts. 
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Kie  softness  of  the  I-V  curve  at  breakdown  and  the  high  turn-on  prob¬ 
ability  shows  that  field  emission  is  still  present.  The  increased  de¬ 
pletion  width  however,  resulted  in  a  lower  field  for  a  given  voltage. 
Photo  response  continues  after  breakdown  due  to  the  increase  in  field 
which  provides  a  greater  active  volume  in  the  space  charge  region.  The 
increase  in  photo  response  to  a  maxim. an  at  10  microns  from  the  position 
of  the  initial  turn-on  of  the  plasma  shows  that  the  breakdown  is  limited 
by  field  region  at  the  defect.  Tigure  (ll)  depicts  this  situation  when 
the  light  is  at  a  distance  from  the  plasma  site.  Electrons  will  move 
away  from  the  metallurgical  junction  while  holes  will  drift  toward  the 
junction.  This  changes  the  field  in  the  transition  region  between  the 
depletion  layer  of  the  Junction  and  the  channel  such  that  a  greater 
collection  area  for  breakdown  from  the  defect  is  provided. 
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Figure  10. 


Depletion  layer  at  plasma  site  in  channel  condition. 


Conclusion 


It  is  concluded  that  small  defects  near  the  surface  with  high 
limiting  resistance  can  cause  significant  change  in  the  reverse  current 
at  both  low  voltage  and  near  breakdown  with  a  change  in  surface  condi¬ 
tion.  They  can  be  distinguished  from  large  defects  or  normal  break¬ 
down  of  the  Junction  by  their  high  limiting  resistance  after  breakdown. 
If  their  breakdown  is  near  bulk  breakdown  or  above,  light  emission  will 
not  be  observed.  Alternatively,  if  the  defect  is  in  a  channel,  it  will 
not  produce  visible  emission  unless  it  is  close  to  the  metallurgical 
junction  due  to  the  series  resistance  of  the  channel. 

Point  defects  in  the  region  of  the  metallurgical  junction  provide 
a  means  of  determining  the  field  configuration  on  the  basis  of  their 
light  emission  characteristics  after  breakdown  when  the  surface  condi¬ 
tion  is  changed  by  the  drift  of  ions  in  the  oxide  or  charge  motion  on 
the  surface. 
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Figure  11. 

Depletion  layer  at  plasma  site  with  channel  and  light  at  position  of 
maximum  photo  response. 
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SURFACE  LEAKAGE  OF  DIELECTRICS 


L.  Fedofcowsky,  P.  Ho  and  K.  Lehovec 


Research  &  Development  Laboratories 
Sprague  Electric  Company 
North  Adams,  Massachusetts 


The  surface  leakage  resistance,  R  ,  of  silicon  oxide, 
and  its  bulk  leakage  resistance,  R.  ,  in8humid  ambients  are 
determined  from  charging  and  discharging  curves  of  MOS 
capacitors.  Using  these  data  we  derive  the  extension  of 
creep  of  surface  charges  from  an  electrode  to  which  a  d.c. 
voltage  is  applied.  This  creep  which  may  induce  breakdown 
phenomena  in  oxide-covered  silicon  microcircuits  is 
retarded  by  reducing  thickness  and  bulk  resistance  of  the 
oxide. 


Intyx^t.ion 

Creep  of  surface  charges  adjacent  to  a  metal  electrode 
on  an  insulator  has  been  studied  by  Shockley  et  al.  by 
means  of  a  vibrating  reed  electrometer.  They  analyzed  the 
charge  motion  in  terms  of  a  distributed  network  consisting 
of  the  insulator  surface  resistance  per  square,  R  ,  and 
of  the  insulator  capacitance  per  unit  area 

C  -  eeQ/L  (1) 

This  paper  describes  the  derivation  of  the  surface 
resistance  R  ,  and  the  insulator  bulk  leakage  resistance. 

It  ,  from  theBtime  dependence  of  charging  and  discharging 
curves  of  MOS  structures.  These  data  will  be  used  to 
predict  the  extension  of  spreading  of  surface  charge  from 
a  charged  electrode.  It  is  well  known  that  the  field 
generated  by  a  surface  charge  on  silicon  oxide  may  influence 
adversely  junction  properties  in  a  microcircuit  utilizing 

*  Now  at  Cornell  University,  Ithaca,  New  York 
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the  underlying  silicon  substrate.  Thus  the  analysis 

of  charge  creep  has  some  bearing  on  long  range  stability 
of  microcircuits. 


The  conservation  of  charge  on  the  oxide  surface  during 
creep  leads  to  the  distributed  equivalent  circuit  of  Fig.  1. 
Here  R  represents  the  surface  resistance  per  square,  R. 
the  bulk  resistance  per  unit  area  and  C  the  oxide  capaci¬ 
tance  per  unit  area.  The  left  side  termination  of  the 
circuit  represents  the  boundary  of  an  electrode  on  the 
oxide.  The  common  ground  is  the  silicon  substrate.  By 
applying  a  voltage  V  to  this  electrode  for  the  time  t, 
the  following  voltage  distribution  arises t 

v(x,t)  -  VQ  exp  [-(DT)"1/,2]*erfc 


+  V  exp  [+(DT)“1/2]*erfc  |- 


where 

D  =•  (RsC)“1  "  (3) 

and 


T  -  «bC 


(4) 


Figure  1 

Equivalent  circuit  for  the  calculation  of  charging  and 
discharging  currents  due  to  surface  charge  migration  oh 

the  oxide 
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The  current  flowing  into  the  network  of  Fig.  1  is  the 
charging  current 

ie  -  -(S/RB)-dV/c>x]x  _  o  (5) 

where  S  is  the  length  of  the  rim  of  the  electrode  at  x  ”  0. 
Inserting  (2)  into  (5)  one  obtains  the  charging  current  as 
function  of  time 

ic  “  (SVo/Rs)  *  [  (TrDt)  “1/2  •  exp  {-t/r) 

+(DT)"1/2  erf (t/r) 1/2 ]  (6) 

Thus  the  charging  curve  ic  vs.  t  can  be  analyzed  in  terms 
of  Rs  and  Rjj,  after  suitable  correction  for  the  contribu¬ 
tions  to  the  charging  ourrent  from  the  capacitance  under 
the  electrode  to  the  oxide. 

After  a  charging  time  t  ,  the  electrode  can  be 
shorted  to  ground.  The  resulting  discharge  current  from 
the  oxide  surface  can  be  obtained  by  the  superposition  prin¬ 
ciple 


i d(f)  -  ie(-Vo,f)  +  ic(V0,  t  -  t*  +  tQ)  (7) 

where  t*  is  the  discharge  time.  Thus  the  analysis  for 
R  and  R.  can  also  be  based  on  the  time  dependence  of  the 
discharge  current  which  has  the  advantage  that  corrections 
for  the  leakage  current  under  the  electrode  are  less 
important. 

The  equations  (2)  and  (6)  were  based  on  a  one-dimen¬ 
sional  charge  flow  such  as  provided  by  a  line  contact#  or 
else#  a  circular  contact  of  radius  r  ,  large  compared  to 
the  average  extension  of  the  charge  distribution,  i.e.# 
assuming  that 

ro  »  ^  -V2  t0/RsC  (8) 

The  surface  charge  flow  for  small  circular  contacts 
[r  «  Ivj]  can  be  expressed  in  terms  of  Bessel  functions'4' 
in°the  case  that  t  ■  »#  and  the  transformation  of 
Danckwertz'5'  can  be  used  to  obtain  the  solution  for 
finite  T. 


Experimental 

Charging  and  discharging  measurements  have  been  made 
on  MOS  structures  of  the  two , electrode  configurations 
shown  in  the  upper  left  of  Fig.  2.  In  wet  ambients _  (relative 
humidity  of  about  50%  at  room  temperature)  it  was  found  that 
these  currents  are  nearly  in  proportion  to  the  rims  of  the 
electrodes  indicating  the  dominance  of  surface  effects. 
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Figure  3 

Comparisons  of  experimental  discharging.. curves ..  (corrected . 

for  bulk  effect  under  the  electrode)  with  theory  (full  lines) 
assuming  R  «  4  x  10i6  ohms/sguare  and  I:  R.  =  2  x  1012 
ohms/cm2;  Si:  Rt  “  1*2  x  lO^-2  ohms/cm2  and  ill:  R^  == 

4  x  IjJ^’*-  ohms/cm".  N-sample  9  ohm-cm;  oxide  thickness 
4150  A;  Ni-electrodes ;  charging  at  V  =  80  volts  for 

«  600  sec.;  47.7%  relative  humidity  at  23°C 
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Figure  4 

Surface  resistance,  R ,  as  function  of  ambient  humidity  at 
room  temperature  for  three  oxide  surfaces.  Steam  grown 
silicon  oxides  with  no  etch  before  Al-electrode  application 
( • ) ,  an  HF  etch  before  Al-electrode  application  (o) ,  and 
silicon  oxide  overlaid  with  300  A  lead  oxide  (A) 
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Further  experiments  have  shown  that  the  charging  and 
discharging  currents  are  in  proportion  to  the  charging  volt¬ 
age  which  indicates  that  R  and  Rj,  in  Fig.  1  are  voltage 
independent  quantities.  Figure  3  shows  the  fitting  of  a 
discharge  curve  by  Eq.  (7),  using  the  values  of  Rs  and  R^ 
indicated  in  the  figure.  Good  fitting  was  always  possible 
for  metal  electrodes  which  have  been  charged  negatively, 
but  not  always  for  electrodes  charged  positively.  The 
reason  for  this  phenomenon  is  not  known  at  present. 

The  theoretical  prediction  on  the  effect  of  charging 
time  on  discharge  current  ^1/2  _  f(t>/t)  if  Rfa  *  »] 

is  found  to  be  valid.  Figure  4  shows  surface  leakage 
resistances  as  functions  of  ambient  humidity. 

The  values  of  R^  determined  by  our  method  should  not 
be  greatly  affected  by  pinhole-shunts  through  the  oxide, 
since  such  shunts  would  be  in  series  with  a  large  spreading 
resistance  at  the  oxide  surface. 

Implication  for  Microcircuit  Failure 

Figure  5  shows  an  example  for  a  prototype  of  a  micro- 
circuit  failure  resulting  from  charge  migration  across  the 
overlaying  oxide  surface.  The  right  hand  contact  in  Fig.  5 
is  charged  positively  to  provide  a  bias  in  the  blocking 
direction  to  the  junction  between  the  underlying  n-regicn 
and  the  p-type  bulk  of  the  silicon  wafer.  This  p-n  junction 
meets  the  Si-SiOj  interface  at  the  distance  A  from  the  rim 
of  that  contact.  Creep  of  positive  charge  across  the  outer 
oxide  surface  from  the  contact  over  the  distance  A  generates 
a  field 


AF  »  V(A,  tc)/L  (9) 

in  addition  to  whatever  field  already  may  exist  at  the 
silicon  surface  where  the  p-n  junction  meets  the  oxide. 

Such  an  additional  field  is  known  to  have  am  adverse  effect 
on  the  junction  leakage  current. Eqs.  (9)  and  (2)  can 
be  used  to  calculate  the  induced  field  as  function  of 
potential  VQ,  time  of  its  application  t  ,  creep  distance  A, 
oxide  thickness  L,  surface  resistance  and  bulk  resis¬ 
tance  R^. 

The  field  induced  at  the  junction  will  be  less  for 
smaller  oxide  thicknesses,  because  the  "diffusion  constant" 

D  of  the  charge  creep,  is  decreased  [Eq.  3] -and  this  effect-  - 
over-compensates  the  increase  of  the  proportionality  con¬ 
stant,  L-1  in  Eq.  (9) .  Furthermore,  this  induced  field 
will  be  less  if  the  oxide  leakage  resistance  is  decreased 
since  charge  leakage  through  the  oxide  detracts  from  the 
surface  spreading  of  charge.  Thus  thinner  oxides  of 
larger  bulk  leakage  are  preferable  for  slowing  down  or 
preventing  the  adverse  surface  creep  effect  under  discussion. 
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Figure  5 

Cross  section  through  a  silicon  based  microcircuit.  Creep 
of  charge  at  the  outer  oxide  surface  from  the  positively 
biased  contact  over  the  distance  A  may  affect  the  under¬ 
lying  p-n  junction,  and  creep  over  the  distance  A'  may 
"short"  the  two  n- regions  by  an  inversion  layer 


For  a  rough  estimate  of • the  time  required  for  the 
junction  failure  visualised  in  Fig.  5,  we  may  equate  the 
distance  A  to  a  "diffusion  length"  (neglecting  bulk  oxide 
leakage)  to  obtain 


A2/2D 


A2Rs  £€o/(2L) 


(10) 


Considering  an  oxide  thickness  of  L 
ce  leakaae  resistance  of  R  »  10-*-®  of 


4000  A,  a 

surface  leakage  resistance  of  R  z.  10io  ohms  per  square 
(as  is  typical  for  many  types  or  silicon  oxides  under 
ordinary  ambient. conditions,  see;  Fig.  4).  and  a  distance 
A  ~  4  ma.ls  z.  10“*  cm,  we  obtain  D  =  10-1°  cmz/sec,  and 
t  ~  5  days.  Thus  the  phenomenon  discussed  here  may 
contribute  to  "failure  under  load  on  life  test".  In  a 
"dry"  ambient,  Rg  values  of  10^9-10z0  ohms/square  occur 

(Fig-.  4}  and-  tha?li£e  time  und . . load,  .would .  then  be . 

extended  to  periods  ranging  r  a  two  months  to  two  years, 
for  the  creep  distance  A  =  ,xls  used  above. 


It  is  possible  to  treat  cases  of  intermittent  load 
either  mathematically  or  using  equivalent  circuits  (with  r-and 
R  C-time  constants  scaled  down  conveniently) .  Note  that  the 


"life  time  t  "  of  Eq.  (10)  increases  with  the  square  of  the 
distance  which  must  be  travelled  by  the  surface  charge. 

The  left  portion  of  Fig.  5  has  been  added  to  demon-  - 
strate  a  different  failure  type  arising  from  charge  creep 
in  the  outer  oxide  surface.  If  the  surface  charge  extends 
over  the  distance  A',  an  n-type  inversion  layer  may  be 
induced  bridging  the  p-gap  between  the  two  n-regions  and 
thus  interconnecting  them  electrically.  Before  the  inversion 
layer  spreads  across  the  entire  width  A' ,  it  may  already 
significantly  increase  the  capacitance  of  the  p-n  junction 
at  the  right  of  Fig.  5.  This  effect  of  a  spreading  surface 
charge  occurs  also  in  MOS-capacitors. 

It  is  known  that  silicon  oxide  and  the  silicon-silicon 
oxide  interface  usually  contain  an  excess  positive  charge. 
Migration  of  a  negative  charge  on  the  oxide  surface  would 
partially  compensate  the  influence  of  this  negative  charge 
and  may,  therefore,  improve  underlying  device  properties, 
vis.,  the  helpful  effect  of  a  negatively  biased  guard-ring 
over  the  oxide  of  a  p-n  junction!2'  Thus  the  failure  mech¬ 
anism  visualized  by  us  should  be  expected  preferably  or 
even  exclusively  near  positively  biased  electrodes.  Since 
surface  charge  migration  is  enhanced  by  large  bias  voltages 
(i.e.,  for  p-n  junctions  biased  in  the  blocking  direction), 
the  failure  mechanism  discussed  by  us  should  be  encountered 
particularly  with  collector  electrodes  to  n-regions  of  n-p-n 
transistors  or  for  n  diodes  in  a  p-type  substrate  biased  In 
the  blocking  direction. 
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Introduction 

The  physical  breakdown  and  failure  of  elements  of  electronic 
circuitry  has  long  been  related  to  localized  power  dissipation  and 
resultant  high  temperatures.  This  is  an  increasingly  serious 
problem  as  the  state  of  the  art  in  microelectronics  tends  towards 
smaller  and  smaller  devices  that  are  being  packaged  in  tighter 
mechanical  configurations. 

In  the  course  of  the  design  and  package  development  of  a  number 
of  hybrid  circuits,  a  simple  technique  for  directly  observing 
temperature  distribution  in  microelectronic  structures  has  been 
evolved.  The  technique  is  best  suited  to  planar  structures  and 
consists  of  coating  the  surface  of  the  device  with  a  thin  layer  of  a 
birefringent  organic  material  which  has  a  sharply  defined,  relatively 
low  temperature  melting  point.  Power  is  applied  to  the  device  in 
slovly  increasing  steps.  As  local  temperatures  at  the  surface  of  the 
device  reach  the  melting  point  of  the  material  coating  the  surface, 
a  line  which  separates  the  liquid  and  solid  phases  of  the  material 
is  easily  observed  through  a  microscope,  using  polarized  illumination. 
This  line  traces  an  isothermal  contour  on  the  surface  of  the  device. 
The  line  is  sharply  defined  and  changes  position  on  the  surface  as 
heat  dissipation  in  the  device  is  changed. 

The  technique  is  simple  to  apply,  provides  direct  observation 
of  tenperature  as  a  function  of  power  dissipation  over  an  entire 
surface  with  extremely  fine  resolution,  and  provides  information  to 
allow  heat  flow  and  thermal  impedances  in  the  structure  to  be 
inferred. 

Choice  of  Coating  Material 

Conduction  is  the  principle  mechanism  of  heat  transfer  in 
microelectronic  structures  since  these  structures  are  usually  packaged 
in  such  a  manner  as  to  minimize  convection  heat  transfer.  Therefore, 
a  coating  material  needs  to  be  chosen  whose  melting  point  is  near  room 
tenperature  so  that  free  convection  heat  transfer  that  is  induced 
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by  tbe  temperature  at  the  surface  of  the  unpackag^d.  microelectronic 
specimen  is  minimized.  In  addition,  while  the  line  which  separates 
the  liquid  and  crystalline  phase  in  a  thin  layer  of  material  is 
observable  under  proper  conditions,  it  is  observable  to  the  point 
of  being  spectacular  if  the  crystalline  material  is  birefringent 
and  is  viewed  under  polarized  light.  Many  materials  are  suited  to 
the  application  of  this  technique,  possessing  the  useful  properties 
of  low  melting  point  and  birefringence,  being  also  chemically 
passive  to  the  surfaces  upon  which  they  ere  to  be  coated. 

Phenyl  salicylate,  sold  comae rclally  as  salol,  was  the  material 
chosen  by  us.  It  melts  at  k3°C  which  is  usually  less  than  20°C 
above  room  temperature .  It  is  non  toxic  and  does  not  react  with  the 
materials  upon  which  it  is  to  be  coated  such  as  aluminum,  nlchrome, 
copper,  gold,  and  silicon  so' that  -non  destructive  testing  of  the 
particular  microelectronic  structure  can  be  accomplished.  It  is 
birefringent  in  its  crystalline  form,  and  supercools  so  that  it  is 
easily  seeded  in  order  to  influence  the  path  of  crystal  growth  through 
the  liquid  layer.  It  is  very  soluble  in  ethanol,  benzene,  and 
acetone'1'-. 

Coating  Technique 

The  ultra  clean  surfaces  of  planar  microelectronic  structures 
are  not  easily  wetted  by  phenyl  salicylate.  A  simple  technique  was 
devised  however  which  allows  a  uniform  thin  layer  of  this  material  to 
be  coated  on  these  surfaces.  First  a  thin  glass  (microsheet)  plate  is 
cut  to  cover  as  large  a  region  of  the  surface  as  1b  to  be  viewed. 
Phenyl  salicylate  is  melted  and  a  small  quantity  Of  this  melt  is 
picked  up  in  a  capillary  pipette  (made  by  drawing  a  fine  tip  on  a 
2  x  100  ms  "melting  point"  capillary  tube).  The  tip  of  the  pipette 
is  brought  into  contact  with  the  interface  between  the  specimen 
siicrocircuit  and  the  glass  cover  plate.  Surface  tension  draws  the 
liquid  phenyl  salicylate  from  the  pipette  into  this  interface  until 
the  region  under  the  plate  is  completely  filled.  Should  there  be 
insufficient  material  in  the  pipette  to  fill  the  entire  region  it  may¬ 
be  refilled  and  re-introduced  to  the  interface  as  many  times  as  is 
necessary.  Should  there  be  cm  excess  of  material  so  that  spillage 
occurs  and  the  cover  plate  tends  to  float,  the  excess  ray  be  soaked 
up  with  a  piece  of  analytical  grade  filter  paper.  In  either  event  the 
phenyl  salicylate  will  remain  a  liquid  at  temperatures  below  its 
melting  point,  due  to  the  supercooling  phenomenon,  so  that  the  region 
of  interest  can  be  satisfactorally  filled  with  the  liquid  material. 
5his  liquid  layer  is  then  "seeded"  from  one  corner  or  one  edge  of  the 
cover  plate  with  a  minute  quantity  of  crystalline  material.  Crystal 
growth  precedes  in  a  nearly  radial  pattern  from  the  seed  point 
through  the  layer. 

Test  specimens  of  planar  microcircuits  are  coated  at  room 
temperature.  Shore  is  no  requirement  for  preheating  of  the  surface  to 

be  coated  so  as  to  inhibit  premature  crystal  formation.  If  the . 

supercooled  layer  of  phenyl  salicylate  is  accidentally  seeded  during 
the  introduction  of  more  material,  or  while  picking  up  excess 
material,  a  few  seconds  of  exposure  to  a  250  watt  infra  red  sun  lamp 
at  a  distance  of  six  inches  will  remelt  the  entire  layer.  It  can 
then  be  immediately  re-seeded.  Crystal  growth  is  relatively  fast 

(l)  Handbook  of  Chemistry  and  PhysicB  pp  C191 
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through  the  supercooled  layer  of  liquid,  travelling  across  a 
0.20  x  0.40  inch  cover  plate  in  a  few  minutes.  The  crystalline 
layer  is  transparent  and  is  typically  0.005  -  0.015  mm  thick.  Ihis 
coating  technique  is  easily  handled  at  lov  magnification  (101  to  20X) 
under  a  well  lighted  stereo  microscope  as  shown  in  figure  1. 


Figure  1 

Coating  Surface  of  Microcircuit  with  Phenyl  Salicylate 


Handling  of  Specimens 

Planar  microelectronic  structures  on  which  the  technique  can 
best  be  applied,  specifically  thin,  film  resistor  networks  on  glass 
and  ceramic  substrates,  screened  resistors  on  ceramic  substrates,  end 
integrated  circuits,  are  small  and  are  fragile,  particularly  when 
some  parts  of  their  protective  packaging  have  been  stripped  away. 
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Special  care  must  be  taken  in  handling  these  devices  and  their 
interconnect  leads  during  the  coating  and  viewing  phases.  Small  boxes 
of  molded  plastic  are  easily  modified  to  become  ideal  test  fixtures 
for  handling  the  specimens.  Hie  modification  consists  of  drilling  a 
series  of  holes  in  each  end  of  the  bottom  section  of  the  box,  through 
which  are  brought  as  many  conductors  as  are  needed  to  energize  the 
specimen  microcircuit.. .  The  ends  of  these  conductors  are  turned  up 
in  the  box  to  form  terminal  posts  to  which  the  leads  of  the  circuit 
are  attached.  Hie  conductors  extend  through  the  end  walls  of  the  box, 
where  they  are  fastened  with  an  epoxy  cement,  and  are  fanned  out  for 
convenience  in  attaching  power  connections. 

Hie  fixtures  shown  in  figure  2  are  thin  wall  boxes  of 
1  l/b  x  2  l/8  x  l/2  inch  dimensions  having  five  20  gauge  copper  wire 
conductors  in  each  end.  Specimen  structures  are  supported  below  the 
plane  of  the  box  hinge  by  a  pad  of  polyfoam  and  their  leads  are  • 
soldered  to  the  upturned  ends  of  the  copper,  conductors.  Hie  specimens 
are  mounted  in  the  fixture  prior  to  coating  and  remain  there 
throughout  the  experiment.  Hiis  fixture  may  be  reused,  or  may  become 
a  permanent  container  for  the  coated  specimen  so  that  later 
experimentation  can  be  carried  on  with  a  minimum  of  setup  time. 


Figure  2 

Test  Fixture  for  Viewing  Coated  Microcircuit 
(a)  thin  film  resistor  on  alumina,  (d)  thin  film  resistor 
on  glass  (c)  integrated  circuit  amplifier 
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Observation  of  the  Specimens 

The  circuit  element  in  the  microelectronic  structure  which  is 
to  be  observed,  typically  a  resistor  or  group  of  resistors  in  a  thin 
film  or  screened  network  or  a  resiBtor  or  transistor  in  an  integrated 
circuit,  is  connected  to  a  power  supply  and  other  suitable 
instrumentation  to  measure  input  voltage  and  current.  Power  is 
applied  in  slowly  increasing  steps  while  the  circuit  element,  or  the 
surface  of  the  structure  directly  over  this  element,  is  viewed  at 
low  magnification  under  polarized  light.  This  surface  initially 
appears  as  on  array  of  transparent  multicolor  crystalline  material 
through  which  the  detail  of  the  circuit  structure  is  seen. 


b 


d 


.figure  3 


Photomicrographs  of  coated  thin  film  resistor  on  glass 
substrate  at  various  levels  of  power  dissipation 
(a)  zero  (b)  1 6.9  m  watts  (c)  20.1  m  watts 
(d)  26.5  m  watts 
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As  power  is  increased  dissipation  in  the  circuit  element  raises 
the  local  temperature  to  the  melting  point  of  the  phenyl  salicylate 
layer,  and  local  melting  in  the  layer  at  the  surface  of  the  structure 
is  detected  by  an  abrupt  change  in  color  of  the  crystalline  material 
over  that  point.  With  further  increase  in  power  melting  continues 
up  through  the  layer  with  continuous  changes  in  color  over  a  larger 
area  until  the  melting  reaches  the  lower  surface  of  the  glass  cover 
plate.  At  this  point  the  melted  material  takes  on  a  single  unchanging 
color  while  the  crystalline  material  surrounding  it  continues  to 
change- 'color  as  the  melting  progresses.  These  color  patterns, 
superimposed  on  the  surface  of  the  microelectronic  structure,  delineate 
the  43°C  isotherm  for  the  particular  level  of  power  dissipation  being 
observed  as  shown  by  the  series  of  photomicrographs  in  figure  3*  -The 
process  as  described  above  seeum  to  be  dynamic,  with  constantly 
changing  color.  This  however  is  not  the  case,  particularly  for  thin 
film  resistor  networks  on  glass  and  alumina  substrates.  The  color 
changes  proceed  almost  in  steps.  The  temperature  distribution  with 
each  change  in  power  level  reaches  equilibrium  rapidly  -  in  seconds  - 
so  that  the  color  patterns  are  for  all  practical  purposes  static  for 
each  power  level. 

Application  of  Technique 

The  technique  for  coating  planar  microelectronic  structures  with 
a  birefrlngent  organic  material  and  viewing,  under  polarized  light, 
the  changes  in  color  pattern  with  changes  in  heat  dissipation, 
provides  us  with  a  method-  of  observing  directly  the  temperature 
distribution  in  those  structures.  A  set  of  )+3°C  isotherms  may  be 
drawn,  one  for  each  power  level  used  during  the  observation,  and 
from  these  contours  heat  flow  and  local  thermal  impedance  may  be 
inferred.  The  technique  is  applied  here  to  four  planar  structures  in 
order  to  demonstrate  its  usefulness. 

Hie  first  example,  seen  in  figure  3,  is  a  series  of 
photomicrographs  of  a  thin  f  ilm  resistor  on  a  glass 'substrate.  Hie 
resistor  material  is  nichrcme,  having  a  sheet  resistivity  of  250- 
ohms/square,  and  the  conductor  material  is  aluminum.  Hie  photo  of 
3b  was  taken  at  a  dissipation  of  16,9  m  watts  after  local  melting  had 
begun,  and  shows  a  small  Bolid  color  area  in  the  center  of  the 
resistor,  surrounded  by  several  interference  fringes,  the  outer  most 
of  which  touches  the  long  edges  of  the  resistor  and  nearly  reaches  the 
aluminum  conductors  at  the  ends  of  the  resistor.  This  outer  band 
delineates  the  43°C  isotherm  and  represents  a  17°C  rise  above  room 
ambient  (26°C).  In  figure  3c,  at  20.1  m  watts  of  dissipation,  the 
outer  band  is  outside  the  long  edges  of  the  resistor  and  is  touching 
the  aluminum  conductor  on  the  lower  end.  At  the  upper  end  however, 
the  band  follows  the  aluminum  edge  only  a  short  way,  bending  back  into 
the  resistor  area  near  the  lover  comer.  Hiis  implies  a  local  change 
in  heat  flow  cause 1  either  by  discontinuous  contact  of  the  nichrome 
film  with  ths  aluminum  pad  along  that  edge  or  by  the  influence  of  the 
..gold  ribbon  lead  which  is  seen  to  be  bonded  to  the  aluminum  pad  at  the 

extreme  right  of  the  picture.’  'Hote  the  detail  with' which  this  local' . 

anomaly  can  be  observed.  Figure  3d,  at  26.5  m  watts  of  dissipation, 
shows  the  bands  to  be  confined  tightly  around  the  melted  region  as 
this  region  moves  out  from  the  dissipating  element.  The  expected 
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elliptical  shape  of  the  pattern  is  distorted  along  the  lower  right 
edge,  again,  influenced  by  the  same  local  anomaly. 

These  pictures  allow  us  to  estimate  gross  thermal  impedance  of 
the  structure  surrounding  the  thin  film  resistor.  The  estimate  is 
biased  by  the  assumption  that  all  heat  flow  is  confined  to  the  plane 
of  the  substrate,  and  that  heat  flow  perpendicular  to  that  plane 
arising  from  conduction  or  convection  heat  transfer  through  the  surface 
is  negligible.  Hiis  is  a  fair  assumption  for  free  convection  heat 
transfer  when  the  temperature  of  the  resistor  is  close  to  room  ambient 
temperature.  It  is  also  a  fair  approximation  of  plastic  encapsulated 
thin  film  resistor  substrates  in  actual  use,  which  can  be  seen  by 
comparing  the  relative  thermal  conductivities  of  phenyl  salicylate 
and  (cover)  glass  to  encapsulant  materials  such  as  diallyl  pthalate 
or  silicone  molding  compound. 


Material  Thermal  Conductivity  Reference 

watts  cm  2  °C  ^  cm 


Alumina 

.2  -  .4 

(1) 

Diallyl  Pthalate 

.002  -  .004 

(3) 

Glass 

.006  -  .008 

(2) 

Silicone  Molding  Compound 

.001  -  .002 

(3) 

Phenyl  Salicylate 

.0013 

(4) 

Silicon 

1.2  -  1.4 

(5) 

Table  1 

Thermal  Conductivities  of  some  materials  associated 
with  the  application  of  this  technique. 


Dissipation,  temperature,  and  thermal  impedance  are  related  to 
each  other  in  our  simple  planar  model  by. 


T 

mp 


Zth« 


(1) 


where 


=  melting  point  temperature 
=  ambient  temperature 

=  rate  of  heat  flow  (heat  dissipation) 

=  thermal  impedance  from  T  to  T 

mp  a 
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Figure  4  superimposes  the  melting  point  isotherms  for 
Figure  3  bed  on  the  region  of  the  resistor  network  from  which  our 
specimen  was  taken.  Hie  values  of  thermal  impedance  shown  in  the 

figure  were  calculated  from  equation  1  using  (T  -  T  )  =  1T°C  and 

nip  ft 

values  of  q  as  shown  in  3  bed.  Hie  large  thermal  impedances 
associated  with  the  specific  isotherms  are  easily  understood  when  it 
is  realized  that  the  specimen  circuit  was  well  insulated  from  the 
ambient,  both  by  long  leads  and  by  the  plastic  fixture  itself,  a 
condition  that  would  be  much  improved  in  actual  use  by  shorter  leads 
and  by  the  package  being  in  direct  contact  with  a  printed  circuit 
structure  that  would  provide  conduction  paths.  Hie  local 
(differential)  thermal  impedance  between  isotherms,  however  is  quite 
realistic,  being  biased  only  by  the  assumptions  made  in  formulating 
the  planar  model. 


Figure  4 


430  C  Isotherms  superimposed  on  thin  film  resistor  of  figure  3. 
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The  second  example  is  seen  In  figure  5,  a  series  of 
photomicrographs  of  a  thin  film  resistor  on  an  alumina  substrate. 

B»e  resistor  is  200  ohm/ square  nichrome  and  the  conductor  material 
is  copper.  This  series  is  of  interest  in  that  it  shows  clearly  the 
influence  of  the  square  comer  on  current  distribution,  which  can  be 
inferred  directly  from  the  color  patterns.  Figure  Jb  shows  the 
beginnings  of  a  hot  spot  on  the  inside  of  the  comer.  Figures  ?cd 
show  the  necking  down  of  current  flow  in  the  comer. 


b  d 


Figure  5 


Photomicrographs  of  coated  thin  film  resistor  on  alumina 
substrate  at  various  levels  of  power  dissipation 
(a)  zero  (b)  51*3  a  watts  (c)  58.6  m  watts  (d)  75  m  watts 
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In  the  third  exaagle,  the  series  of  photomicrographs  of  figure  6 
look  at  the  temperature  distribution  around  a  defect  in  a  thin  film 
resistor.  The  resistor  is  200  ohm/ square  nichrome  on  an  alumina 
substrate.  Die  resistor  value  is  nominally  22K  ohms,  the  defect 
involving  only  a  fev  per  cent  of  the  total  resistor  length.  The 
three  strips  visible  in  the  photos  are  all  part  of  this  resistor. 

The  beginning  of  melting  is  seen  in  6b  as  color  bands  which  surround 
the  narrowest  point  in  the  defective  center  Btrip.  Continued  melting 
around  this  defect  and  the  beginnings  of  melting  in  the  defect  of  the 
lower  strip  are  seen  in  6c.  Bote  in  6d  that  the  hot  spot  in  the 
center  strip  has  now  caused  melting  in  the  upper  strip. 


Figure  6 

Photomicrographs  of  coated  thin  film  resistor  with  process 
defect,  at  various  levels  of  power  dissipation 
(a)  zero  (b)  25.5  m  watts  (c)'  59.8  m  watts  (d)  64.2  m  watts 
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A  final  example  is  taken  from  an  integrated  circuit  amplifier. 
The  integrated  circuit,  because  of  the  high  thermal  conductivity  of 
silicon  around  rocm  temperature,  proves  to  be  the  stickiest  type  of 
planar  microcircuit  upon  -which  to  use  this  technique.  The  silicon 
surface  does  not  support  much  of  a  temperature  gradient  due  to  this 
high  thermal  conductivity  so  that  the  color  pattern  changes  rapidly 
over  a  very  narrov  range  of  dissipation.  However  if  care  is  taken  to 
shield  the  surface  of  the  specimen  and  its  glass  cover  plate  from  air 
currents,  and  if  current  limiting  precautions  are  taken  in  the  power 
supply,  a  satisfactory  set  of  isotherms  can  he  obtained.  The  series 
of  photos  of  figure  7  show  three  levels  of  dissipation  in  a  diffused 
resistor,  nominally  4.3  K  ohms. 


b 


d 


Figure  7 

Photomicrographs  of  coated  diffused  resistor  in  integrated 
circuit  amplifier  at  various  levels  of  power  dissipation 
(a)  zero,  (b)  64  m  watts  (o)  65.5  m  watts  (d)  66.7  m  watts 
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The  instrument  used  by  us  to  observe  and  record  these  color 
changes  is  a  Reichert  "Zetopan  POL"  research  polarizing  microscope, 
set  up  for  35  mm  photomicrography,  as  shown  in  figure  8.  Hie  test 
fixture  is  attached  to  a  standard  microscope  slide  with  double  back 
allies ive  tape  so  that  specimen  may  be  manipulated  with  the  mechanical 
stage  of  the  microscope.  A  100  watt  zirconium  arc  lanrp  which  is 
Integral  with  the  microscope  frame  provides  incident  (bright  field) 
illumination  of  sufficient  intensity  for  photographic  exposures  of 
l/2  to  1  second  to  be  made  on  ASA  100  speed  film  when  both  polarizing 
filters  are  in  use.  Ike  range  of  magnification  used  is  iQX  to  100X. 


Figure  8 

Research  polarizing  microscope  as  setup  for  viewing 
and  photographing  coated  microcircuit 
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Conclusions 

Wiis  aelting  point  technique  has  so  far  been  used  to  evaluate 
temperature  distribution  and  heat  flow  and  to  estimate  thermal 
impedance  in  thin  film  resistor  arrays  and  in  integrated  circuit 
structures.  Design  paremeters  such  as  line  vidth  and  spacing  have 
been  studied  to  determine  their  effects  on  temperature  distribution 
in  thin  film  resistor  substrates.  It  has  been  possible  to  compare 
evaporation  through  metal  mask  with  photo  etch  processing  of 
aluminum  -  ni chrome  thin  film  resistor  arrays,  both  on  glass  and 
ceramic  substrate  materials.  Conductor  patterns  and  lead  breakout 
have  also  been  investigated  in  order  to  evaluate  their  influence  on 
local  heat  flow  at  the  boundaries  of  the  package.  The  evaluation  of 
heat  flow  through  jumpers  and  package  leads  of  mounted  integrated 
circuit  structures  is  seen  to  be  a  simple  extension  of  the  idea. 

A  number  of  applications  to  studies  of  device  failure  have  been 
found.  In  thin  film  resistors,  the  thermal  effects  of  irregularities 
in  line  width,  caused  by  mask  imperfections  or  substrate  scratches, 
have  been  studied.  In  semiconductor  devices,  localized  current  flow 
and  excessive  power  dissipation,  caused  by  non-uniform  junction 
properties  of  four-layer  interaction,  can  be  found  and  related  to 
fabrication  or  design  deficiencies. 

Acknowledgments 

Hie  author  wishes  gratefully  to  acknowledge  the  many  helpful 
canaaents  and  suggestions  of  Messr's  F.  Bartels,  N.  Grossman,  and 
J. /Hark  of  the  Applied  Research  laboratory  of  Guidance  and  Control 
Systems  Division,  Litton  Systems,  Inc.,  and  the  encouragement  of  its 
director.  Dr.  A.  Stevenson,  throughout  the  course  of  this  work. 

References 

1.  Handbook  of  Chemistry  and  Physics.  45th  Ed.  the  Chemical  Rubber 
Co.,  1964,  pp  C191,  D30. 

£!.  American  Institute  of  Physics  Handbook.  MeGrav  -  Hill,  1957, 

PP  4/&. 

3.  Insulation  Dlrectory/Enc:, -clone dla  Issue.  (May- June  1965) 

Lake  Publishing  Co.,  Libert yville,  Illinois,  pp  149-184. 

4.  Filippov,  L.  P. ,  "Thermal  .Conductivity  of  Organic  Liquids", 

Chem,  Abstracts.  Vol  56  pp  10936. 

5.  Heuberger,  M.,  "Silicon  Date.  Sheets",  Electronic  Properties 
Infonnation  Center,  Hughes  Aircraft  Co.,  Culver  City,  Calif., 
D6-137,  May  1964,  pp  178-182. 


366 


SECTION  V 


BULK  EFFECTS 


THE  ROLE  OF  MICRODEFECTS  IN  SILICON  STARTING  MATERIALS 
AS  QUALITY  REDUCING  FACTORS  IN  smiCONDUCTOR  DEVICES 


J.  W.  Faust,  Jr.,  H.  F.  John,  and  R.  Stickler 


Veatinghouse  Research  Laboratories 
Vestinghouse  Electric  Corporation 
Pittsburgh,  Pennsylvania 


SUWARY 

Transnission  electron  microscope  studies  have  shown  that  comae  r- 
cial  silicon  matarials  have  varying  concentrations  of  nicrodefects 
which  are  not  detectable  by  normal  evaluation  procedures.  The  size 
of  these  defects  ranges  from  less  than  100A  up  to  microns.  The  follow¬ 
ing  types  of  defects  have  been  found:  small  loop-shaped  defects,  large 
loop-shaped  defects,  inclusions  of  several  kinds,  and  precipitates 
including  those  associated  with  crystallographic  defects.  The  chemical 
composition  of  these  particles,  precipitates,  and  inclusions  are 
generally  uncertain;  but  some  evidence  exists  that  SiC,  Si02,  and 
possibly  SijN,  are  present.  The  widespread  occurrence  of  microdefects 
in  standard  or  premium  quality  silicon  emphasizes  the  need  for  develop¬ 
ing  improved  materials  growth  techniques  and  rapid  procedures  for 
detecting  microdefects.  The  frequency  of  occurrence  of  the  different 
varieties  of  microdefects  differs  with  the  type  of  material;  however, 
crystals  grown  by  the  three  principal  techniques  -  float-zone, 
Czochralski,  and  crucibleless  pulling  -  did  not  differ  significantly 
in  the  degree  of  the  overall  microdefect  problem. 

The  effects  of  microdafects  on  devices  depends  strongly  on  the 
nature  and  size  of  the  defect,  whether  it  is  conducting  (metallic), 
non-conducting,  or  purely  crystallographic.  The  size  of  the  defect  is 
important  in  determining  the  behavior  of  the  device  aider  electrical 
stress  and  during  long  time  operation.  Indirect  effects,  in  particular 
precipitation  of  fest-d’  ffvsing  heavy  metal  impurities  on  nicrodefects, 
are  believed  to  be  a  significant  cause  of  poor  device  performance. 
Qualitative  relationships  between  microdefects  and  the  quality  of  p-n 
junction  devices  haw  been  established'.  •  Further  work -to investigate 
more  quantitatively  the  effects  of  specific  microdefects  on  the 
performance  of  devices  is  necessary  to  establish  accaptable  concentra¬ 
tion  limits  for  microdefects. 
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INTRODUCTION 


Almost  from  the  beginning  of  Modem  semiconductor  device  tech¬ 
nology,  it  was  realized  that  the  electrical  properties  of  semiconductor 
materials  and  devices  were  strongly  influenced  by  crystallographic  and 
inpurity  inhonogeneities.  Consequently,  considerable  research  and 
engineering  effort  has  been  invested  during  the  past  twelve  years  or  so 
in  the  improvement  of  silicon  material  quality  with  the  results  that 
silicon  is  readily  available  today  which  is  free  of  such  crystallographic 
defects  as  dislocations,  stacking  faults,  twins,  and  growth  strains. 

With  sows  selection.  Material  over  a  wide  resistivity  range  can  be  ob¬ 
tained  whose  radial  resistivity  on  a  mm  scale  is  uniform  within  +10% (1). 
Thus  with  an  apparently  reasonable  quality  of  material  assured.  Much  of 
the  research  on  failure  problems  in  small  area  and  power  devices  has 
been  concerned  with  surface  effects  and  defects  introduced  by  processing, 
which  are  now  and  imdoubtedly  will  continue  to  be  Major  problems,  the 
relative  importance  of  sMterials  and  processing  defects  tends  to  vary 
with  tine,  depending  on  the  state  of  development  of  the  respective 
teclmologies.  At  present  it  would  appear  that  device  technology  is 
again  becoming  Materials  limited,  particularly  with  respect  to  high 
voltage,  power  devices. 

It  is  the  theme  of  this  communication  that  most  coanerical  silicon 
crystals  contain  varying  concentrations  of  sub-micron  size  defects  which 
are  generally  not  detectable  in  the  normal  evaluation  procedures.  These 
saall  inclusions,  precipitates,  segregation  and  associated  crystallo¬ 
graphic  defects,  referred  to  here  as  nicrodefacts,  can  seriously  affect 
the  properties  of  materials  and  devices.  At  the  present  state  of  the 
silicon  crystal  art,  they  are  probably  more  influential  in  determining 
device  yields,  porfbrmance  and  reliability  than  the  material  properties 
normally  specified. 

Most  of  the  extended  crystallographic  defects  (dislocations, 
stacking  faults,  etc.)  and  the  gross  impurity  segregation  effects (both 
of  which  are  referred  to  here  loosely  for  cooperative  purposes  as  macro¬ 
defects)  have  been  eliminated  and  improvements  in  process  technology  are 
gradually  minimizing  the  effects  of  defects  introduced  during  fabrica¬ 
tion.  Thus,  microdefocts  are  a  major  barrier  to  the  further  improve¬ 
ment  of  p-n  junction  devices.  One  purpose  of  this  communication  is  to 
urge  silicon  producers  to  direct  additional  research  efforts  to  the 
elimination  of  microdafects  and  to  set  up  quality  standards  for  material 
based  on  concentration,  and  possibly  size,  of  foreign  particulate  matter. 

The  evidence  for  the  existence  of  micro-defects  in  silicon  has 
been  supplied  mostly  by  transmission  electron  microscopy  (TEM).  The 
results  of  a  survey  of  commercial  starting  materials  using  TEM  and  other 
techniques  will  be  reported  here,  «a  Weil  is  SOm  qualitative  observa- 
tions  of  the  effects  of  microdefocts  on  devices. 

EXPERIMENTAL  TECHNIQUES  AND  RESULTS 

Twenty-five  crystals  of  standard  or  premium  quality  were  purchased 
from  the  four  major  domestic  suppliers  in  the  second  half  of  1964 
especially  for  this  survey  of  the  microdefect  problem.  Corroborating 
date  »re  available  on  a  large  number  of  other  crystals  that  were 
examined  in  a  less  systematic  manner,  before  and  since  that  time. 
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This  group  of  25  crystals  included  Material  grown  by  the  three  princi¬ 
pal  techniques  -  float-zone,  Czochralski,  and  crucibleless  pulling. 
Both  n-  and  p-type  crystals  with  resistivities  up  to  200  ohm- era  were 
examined.  In  addition  to  examination  by  THM  for  microdefects,  the 
crystals  were  characterized  with  respect  to  uniformity  of  radial  re¬ 
sistivity  and  presence  of  dislocations  and  other  defects  revealed  by 
chemical  etching. 

The  techniques  described  in  detail  by  Booker  and  Stickler^2) 
were  used  in  preparing  the  specimens  for  TEH.  The  essential  feature 
of  the  specimen  preparation  is  the  formation  of  a  thin  section  by 
chemical  jet  polishing  for  electron  transmission.  The  position  of  the 
section  to  be  examined  can  be  varied  within  limits  by  polishing  either 
from  one  side  only  or  from  both  sides  of  the  specimen,  as  shown  in 
Figure  1.  Usually  five  regions  were  thinned  at  different  positions  on 
the  cross-section  and  examined  to  ensure  that  a  representative  view  of 
the  microdefect  situation  was  obtained. 


Figure  1. 

Cross-section  of  a  specimen  for  TEM  examination: 

(a)  thinned  from  one  side  only 

(b)  thinned  from  both  sides 


Specimens  were  prepared  for  optical  examination  by  a  two-step 
procedure  consisting  of  a  2  min.  CP4*  etch  followed  by  a  3  min  Sirtl** 
etch.  This  etching  technique  is  very  effective  for  bringing  out  dis¬ 
locations  and  other  defects,  such  as  shallow,  flat-bottom  pits 
(referred  to  as  "spots"  in  Table  I),  line  networks,  and  hillocks.  Some 
of  these  etching  effects  can  be  correlated  qualitatively  with  micro¬ 
defects  as  revealed  by  TEH  and,  therefore,  nay  be  useful  for  rapid 
evaluation-  of  si-licon  -materials.  -  A  -discussion  of  these- .etching  effects  ... 
and  their  correlation  with  microdefects  is  not  practical  here,  but  will 
be  covered  in  detail  in  another  communication. (') 


*  120  cc  49%  HF,  120  cc  acetic  acid,  200  cc  KNOj 

**  100  g  CrOj,  200  cc  H2O,  200  cc  49%  HF 
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Resistivity  measurements  were  made  on  i  m  scale  using  standard 
two-probe  techniques  C<)  and  or.  a  micro-scale  using  special  spreading 
resistance  probe  techniques. (s)  the  radial  resistivity  of  silicon 
crystals  when  viewed  on  a  as  scale  often  varies  50%  or  more,  sometimes 
in  a  very  irregular  way,  as  shown  later  in  Table  I  for  representative 
samples.  Fluctuations  are  even  eore  noticeable  when  Measurements  are 
Mde  at  intervals  of  a  few  Microns  by  the  spreading  resistance  probe. 

Since  junction  properties,  particularly  peak  voltage,  are  a  function  of 
base  resistivity,  the  performance  of  devices  and  the  ability  to  withstand 
electrical  stresses  are  often  seriously  affected  by  non-uniform  resis¬ 
tivity.  This  has  been  recognized  as  a  problem  by  device  manufacturers 
and  selected  Mterial  is  available  with  a  radial  resistivity  uniformity 
of  >10%,  as  measured  by  standard  two  probe  techniques.  The  fluctua¬ 
tions  on  a  aicro-scale  may,  however,  be  considerably  greater  than  >10%. 

The  problem  of  non-uniformity  inpurity  distributions  on  a  macro-  and  micro¬ 
scale  is  outside  the  main  theme  of  this  coanamication  and  will  be 
treated  in  more  detail  elsewhere. W  It  should  be  emphasized,  however, 
that  impurity  inhonogeneities  are  a  limitation  on  device  performance 
and  that  the  establishment  of  standards  of  acceptability  for  material 
used  in  various  types  of  devices  is  desirable. 

Table  1  contains  data  on  some  representative  crystals  from  the 
survey  group,  the  data  being  obtained  according  to  the  procedures  al¬ 
ready  described.  Typical  transmission  electron  micrographs  are  shown 
in  Figure  2.  Figure  2a  shows  an  example  of  an  inclusion,  i.e.,  a 
particle  so  large  that  it  must  have  been  incorporated  directly  into  the 
crystal  from  the  melt  during  growth.  An  example  of  what  is  meant  by 
"particles",  as  noted  in  Table  I  (particularly  crystals  1,  3,  4,  and  6), 
is  shown  in  Figure  2b,  These  particles  are  probably  formed  by  diffusion 
and  precipitation  processes.  The  third  general  type  of  microdefect  is 
what  is  referred  to  here  as  a  "loop"  defect,  as  shown  in  Figures  2c 
and  d.  Two  varieties  of  loop-shaped  defects,  distinguished  by  size, 
seem  to  be  encountered.  The  large  loop  defects  are  very  distinctive 
and  are  often  the  priaary  microdefect  in  crucibleless  and  Czochralski 
silicon,  whore  it  is  frequently  present  in  higher  concentration  in  the 
outer  few  am  of  the  crystal. 

Although  there  is  a  tendency  for  micro defects  to  be  clustered 
in  areas  of  a  few  mm2  to  lcm^,  it  is  not  in  general  necessary  to 
search  for  or  select  regions  in  the  examination  areas  which  have  micro¬ 
defects.  Although  it  is  not  unusual  to  find  1  or  2  of  the  5  examination 
regions  relatively  free  of  microdefects,  only  rarely  are  all  five 
regions  defect-free.  Of  the  special  group  of  25  crystals,  only  three 
ingots  had  a  microdefect  concentration  significantly  lower  than  average. 
Fortuitously,  perhaps,  one  of  each  of  the  three  growth  types  was 
represented. 
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bands;  many  hillocks ;"spots"  many  loop  defects 


Figure  2a. 

Inclusion  in  Ctochralski  Si 


Figure  2b. 

Particle*  in  Float  Zone  Si 


Figure  2c. 

Saall  loops  in  Czochralski  Si 


Figure  2d. 

Loops  in  crucibleless  Si 


The  origin  and  chemical  composition  of  these  aicrodefects  are  in 
most  cases  uncertain.  Inclusions  are  probably  heterogeneous  in  compo¬ 
sition  and  origin.  Likely  SiC,  Al-Oj,  quartz  fragments,  metal  carbides, 
and  general  crucible  and  furnace  debris  are  among  the  species  represen¬ 
ted.  In  many  cases  the  snail  particles  or  precipitates  are  probably 
SiC.  the  presence  of  distinctive  "line  network"  etch  effects  (Optical 
Examination  Table  I)  are  apparently  associated  with  a  high  concentration 
of  particles.  Carbon  is  often  carried  through  the  process  used  to 
prepare  the  polycrystal lias  Si  which  is  used  to  grow  single  crystal 
material. (•)  It  appears  that  C  or  SiC  may  be  in  aolid  solution  in  the 
Si  crystal  and  sid>  sequent  ly  precipitate  because  of  the  decrease  in 
solubility  as  the  temperature  of  the  crystal  is  decreased,  la  other 
esses,  perticualy  Cxochralski  crystals,  SiC  may  precipitate  in  the 
liquid  near  the  interface  and  be  incorporated  directly  into  the 
crystal. 

In  sons  cases,  the  precipitates  may  be  Si02.  In  general,  however, 
the  precipitation  problems  discussed  here  are  not  relatod  to  the  preci¬ 
pitation  and  typo  conversion  phonomsne  known  to  occur  when  silicon 
containing  a  high  oxygen  son  cent  rat  ion  is  annealed.  (?)  Mmy  low 
oxygon  content  crystals  have  a  very  high  concentration  of  particles. 

Even  zees  is  known  about  the  nature  of  the  loop-shaped  defects. 

It  would  appear  that  they  involve  particulate  matter',  associated  strain 
fialds,  and  segregation  effects;  however,  there  is  no  positive  evi¬ 
dence  for  crystal lographic  defects.  Tbs  small  shallow  "spots"  noted  in 
the  Optical  Examination  Column  of  Table  I  can  apparently  be  correlated 
with  these  loop  defects.  As  noted  previously,  the  evidence  for  this 
will  be  discussed  in  detail  elsewhere. 

Based  on  the  overall  results  of  the  crystals  examined,  the  rela¬ 
tive  frequency  of  occurrence  of  the  three  eejor  types  of  nicrodefects 
is  summarised  in  Table  II. 


Table  II. 


Frequency  of  Occurrence  of  Microdefects 

Inclusions  Particles  Loop-Shaped  Defects 

Float-zone  M-R  H  M 

Cxochralski  M  H  M 

Crucibleless  M-R  M  H 

H  »  high  frequency,  present  in  at  least  1  examination  region  of 

. . perhaps— 7SV  -of  crystal* . . - 

M  -  medium  frequency,  present  in  at  least  1  examination  region  of 
perhaps  50%  of  crystals 

R  -  relatively  rare,  present  in  at  least  1  examination  region  of 
perhaps  10%  of  crystals 


The  data  presented  in  Tables  I  and  II  should  not  be  interpreted  as 
indicating  that  silicon  grown  by  one  technique  is  necessarily  superior. 
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First,  the  motor  of  ingots  systematically  evaluated  has  been  too 
1  waited  to  draw  any  general  conclusions.  Second,  the  micro defect 
situation  is  bad  in  all  types  of  material.  Third,  other  factors  not 
directly  involving  nierodefects  nay  determine  the  preferred  type  of 
material  for  a  particular  device,  e.g.,  dislocation  density,  dianeter, 
oxygen  content,  resistivity,  resistivity  uniformity,  etc. 

EFFECTS  ON  DEVICES 


For  purposes  of  a  qualitative  discussion,  of  tike  effects  on  devices, 
it  is  convenient  to  consider  three  general  categories  of  nierodefects: 
nonconducting  particles,  conducting  particles,  and  purely  crystallo¬ 
graphic  defects,  such  as  vacancy  clusters,  collapsed  vacancy  disks, 
and  dislocation  loops.  Both  conducting  end  non-conducting  particles 
should  be  further  divided  according  to  size,  since  larger  particles 
give  more  pronounced  current  channeling  effects  which  ere  likely  to 
lead  to  a  rapid  deterioration  of  IV  characteristics  under  stressed  con¬ 
ditions  and  under  long  tine  operation.  We  have  somewhat  arbitrarily 
chosen  the  dividing  line  between  snail  and  large  pyrticles,  as  far  as 
electrical  affects  are  concerned,  to  be  about  2000A  for  conducting 
particles  and  about  4000X  for  non-conducting  particles;  but  there  are 
no  coapelling  arguments  for  these  choices. 

A  fairly  extensive  literature  is  available  on  the  effects  of 
poisoning  of  devices  by  fast  diffusing  inpurities,  precipitation  at 
dislocations  and  stacking  faults,  and  the  effects  of  other  inhonogeneit- 
ies  on  device  characteristics.  Furthermore,  the  importance  of  inhono- 
gwiieities  in  determining  the  performance  of  devices  is  becoming  better 
appreciated,  as  evidenced  by  the  results  of  several  investigations  on 
second  breakdown  phenomena  in  silicon  transistors.  Perhaps  the  work 
most  relevant  to  microdefect  problems  as  discussed  in  the  previous 
section  is  that  of  Shockley, (■)  Kikuchi, I'M*0)  and  Goetzberger.i11-’ l12' 
Of  particular  interest  is  the  proposal  by  Shockley  that  smell  insulating 
particias  with  a  dielectric  constant  smaller  than  that  of  silicon  will 
produce  a  field  concentration  in  the  vicinity  of  the  particle  and  cause 
localized  breakdown.  For  example,  the  field  in  the  vicinity  of  a  small 
SiOg  particle  was  calculated  to  be  a  factor  of  1.5  greeter  than  at 
distance  from  the  particle.  Ibis  type  of  localized  breakdown  is  oftan 
referred  to  as  micToplasma  breakdown  because  of  the  discrete  current 
pulses  which  are  noted  when  current  is  measured  as  a  function  of 
voltage. 

Emission  of  light  accompanies  the  breakdown  process  and  furnishes 
a  very  convenient  way  of  detecting  and  establishing  the  position  of  these 
localized  breakdown  regions,  particularly  in  specially  designed  test 
junctions.  The  highly  localized  type  of  breakdown  gives  an  undesirable, 
"noisy"  reverse  IV  characteristic.  -The  type  of  precipitate  shown  ir. 
Figure  2b  and  the  SiO  precipitates  which  arise  during  annealing  of 
oxygen -containing  Si  Ire  examples  of  the  type  of  particle  which  should 
exhibit  localized  breakdown  as- predicted- by  Shockleys  Larger  particles, 
as  shown  in  Figure  2a,  probably  exhibit  more  pronounced  effects.  The 
disturbance  to  the  crystal  it  greater;  consequently,  the  tendency  to 
concentrate  current  in  this  region  is  more  pronounced  and  failure  under 
stress  or  deterioration  with  time  is  more  likely. 
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Table  III  sumswrixes  in  a  very  qualitative  way  the  possible 
effects  of  microde facts  on  p-n  junction  devices. 

Table  III 

Effects  on  P-N  Junctions  of  Various  Types  of  Microdefects 


Microdefect 

Primary 

Electrical  Effect 

Implications  for  Stressed 
Conditions  and  Long  Tims 
Operation 

Small 

non-conducting 

particles 

lowered  breakdown  voltage 
near  particle;  microplasma 
effects  with  sharp  current 
pulses 

progressive  deterioration  of 
crystal  in  vicinity  of  par¬ 
ticle  with  eventual  channel¬ 
ing  of  current 

Larger 

non-conducting 

particles 

high  reverse  leakage;1  •tow¬ 
ered  breakdown  voltage; 
current  channeling;  larg¬ 
er  more  noticeable  effects 
then  small  particles 

rapid  deterioration  of  crys¬ 
tal  in  vicinity  of  particle; 
second  breakdown  in  trans¬ 
actors;  local  destructive 
breakdown 

"Small 

conducting 

particles 

High  reverse  leakage, 

soft  breakdown 

progressive  deterioration  of 
IV  characteristics  and  event¬ 
ual  failure  of  device 

Larger 

conducting 

particles 

high  reverse  leekage; 
low  breakdown  voltage; 
current  channeling  in 
both  reverse  and 
forward  directions 

rapid  deterioration  of  char¬ 
acteristics;  hot  spot  foma- 
tion;  destructive  second 
breakdown,  current  channel¬ 
ing 

Small 

crystallo¬ 

graphic 

defacts 

lowered  minority  car¬ 
rier  lifetime;  high 
reverse  leakage,  non- 
uniform  switching 

non-uniform  switching  often 
leads  to  destruction  under 
stressed  conditions 

Under  nany  conditions  the  crystallographic  changes  and  interactions 
of  the  aicrodtfects  with  other  i^writy  atoms  which  occur  during  device 
processing  produce  a  disturbance  which  is  more  harmful  than  the  original 
nicrodefect.  The  aicrodefects  of  the  various  types  discussed  here,  as 
well  as  the  aore  familiar  edge  dislocations  and  stacking-faults,  can 
serve  as  sites  for  the  precipitation  of  fast-diffusing  impurities  (Au, 
Cu.Fe,  Ms,  etc.)  or  a  doping  impurity  which  is  being  diffused.  The 
effects  of  the  fast-diffusing  impurities  will  obviously  be  ie«u  OVCr  • 
wider  region  than  the  slower-diffusing  doping  impurities . 

An  example  of  the  interaction  of  gold  with  a  loop-shaped  defect  of 
the  type  shown  in  Figure  2d  is  given  in  Figure  3.  In  tills  particular 
experiment,  gold  was  diffused  for  2  hrs  at  1200"C  and  subsequently  slowly 
cooled.  Kot  only  has  gold  precipitated  on  the  defect,  but  the  nature  of 
the  defect  itself  seems  to  have  been  altered.  Precipitation  of  impuri¬ 
ties  at  loop-shaped  defects  and  the  strained  region  around  inert  pre¬ 
cipitates,  such  as  SiC  or  Si02,  is  probably  responsible  for  many  adverse 
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electrical  effects  in  devices. 


Figure  3. 

Gold  precipitation  at  a  loop  defect 


Most  of  our  evidence  for  the  effects  of  microdefacts  on  yields 
and  perfonaunce  of  devices  is  qualitative  in  nature  and  involves  after- 
the-fact  examination  of  devices  and  Material  in  runs  which  have  shown 
unexpectedly  low  yields  or  poor  performance.  It  is  not  too  unusual  to 
find  Material  which  gives  poor  devices  even  though  the  crystal  proper-  * 
ties  are  within  the  normally  acceptable  ranges  and  where  processing 
variables  have  been  eliminated  by  including  test  slices  fros  proven 
ingots.  Under  such  circusstances,  microdefects  of  the  types  described 
here  have  been  found  in  a  number  of  cases  to  be  the  probable  cause  of 
poor  yields  and/or  performance.  An  example  of  a  somewhat  more  defini¬ 
tive  correlation  is  provided  by  the  experiments  of  A.  N.  Knopp, 
in  which  it  was  found  that  PNPN  devices  made  on  material  having  a  high 
concentration  of  loop  defects  (Figure  2d)  in  the  edge  region  of  the 
wafers  had  poor  switching  and  break-over  characteristics.  If,  however, 
the  size  of  the  PNPN  device  were  reduced  to  such  sn  extent  that  the 
active  area  did  not  overlap  the  regions  containing  the  defects,  the  IV 
characteristics  were  normal. 

Attempts  have  been  made  to  study  mere  quantitatively  the  influence 
of  nicrodefec'  on  breakdown  processes  by  observing  microplasma 

phenomena  in  C^tzbergw-type,,.  small .  diffused  guard,  ring.  pm. Junction . 

devices,!14)  as  described  in  this  Symposium  by  Chu  and  Kannaal15)  for 
epitaxial  material.  Such  experimsnts  have  not  yielded  conclusive  data. 
Ons  of  the  factors  which  interferes  with  obtaining  conclusive  results 
is  the  presence  of  resistivity  fluctuations.  Tha  development  of 
techniques  for  isolation  and  study  of  the  electrical  effects  of  the 
various  types  of  aicrodefects  needs  further  investment  of  research 


ef fort  and  would  be  expected  to  yield  valuable  results.  This  informa¬ 
tion  is  especially  needed  to  help  establish  acceptable  concentration 
Halts  for  microdefects  in  material  to  be  used  for  different  types  of 
devices. 


CONCLUDING  REMARKS 


The  magnitude  of  the  microdefect  problem  in  present  day  commercial 
silicon  and  the  usefulness  of  transmission  electron  microscopy  in 
studying  microdefects  have,  we  believe,  been  conclusively  demonstrated. 
Him  TEM  method  is,  however,  relatively  time-consuming.  Therefore, 

X-aray  diffraction  microscopy,  special  etch  techniques,  tmd  other  rapid, 
hut  somewhat  more  qualitative,  procedures  should  be  worked  out  in  detail. 
In  devising  and  evaluating  these  techniques,  it  will  be  necessary  to 
correlate  the  information  with  that  obtained  by  TEM.  The  availability 
of  quick,  reliable  evaluation  techniques  should  provide  the  incentive 
for  the  improvement  of  standard  growth  techniques  or  for  the  adoption 
of  new  material  growth  techniques. 

Further  work  is  necessary  to  develop  techniques  to  study  the 
effects  of  specific  microdefects  on  the  electrical  characteristics  of 
devices.  It  would  be  helpful  to  materials  producers  and  device 
fabricators  to  be  able  to  specify  maximum  permissible  concentrations  of 
microdefects  for  different  kinds  of  devices, 
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Introduction 

In  the  past  it  had  been  assumed  that  dislocations  do  not  seriously 
affect  device  performance  because  devices  built  from  dislocation-free 
material  were  shown  to  perform  no  better  than  those  built  from  less 
perfect  material.  This  conclusion,  however,  neglected  the  fact  that 
dislocations  and  other  types  of  lattice  defects  may  be  introduced  during 
the  fabrication  of  these  devices.  For  example,  Lomer-Cottrell  and/or 
stair-rod  dislocations  associated  with  stacking  faults  are  nucleated  in 
epitaxial  layers.  *  Dislocations  arc  generated  within  shallow  surface 
diffused  layers  in  order  to  relieve  the  stresses  which  result  from  con¬ 
centration  gradients.  ^  Temperature  gradients  have  pronounced  effects 
on  the  segregation  of  impurities  and  may  lead  to  plastic  deformation. 
Moreover,  strains  may  originate  as  a  result  of  surface  damage,4  and 
built-in  strains  may  occur  as  a  consequence  of  solidification  of  impurity 
atoms  within  the  crystal.  5 

This  paper  presents  evidence  relating  crystal  imperfections  to  pro¬ 
cessing  treatments  and  demonstrates  the  influence  of  process -introduced 
dislocations  on  device  yield  in  NPN  silicon  epitaxial  planar  transistors. 

To  follow  the  generation  of  imperfections  in  device  processing  and  sub¬ 
sequently  to  correlate  device  performance  with  the  presence  of  imper-, 
fections,  the  non-destructive  technique  of  x-ray  diffraction  microscop-jr’ ' 
was  used  to  record  large-area  topographs  of  whole  crystals  wafers  at 
each  stage  in  their  fabrication.  Knowledge  of  the  locations  of  disloca¬ 
tions,  in  particular  high  densities  of  dislocations,  permits  one  to  probe 
the  sample  in  specific  areas  in  order  to  characterize  the  electrical 
properties  of-  transistor  devises -coinciding  with  high  defect  versus  low- 
defect  areas.  In  addition,  this  method  at  once  establishes  which  par¬ 
ticular  processing  step  introduced  dislocations  or  lattice  strains. 

The  concomitant  strain  fields  associated  with  lattice  perturbations 
such  as  those  due  to  dislocations  are  revealed  as  localized  regions  of  en¬ 
hanced  x-ray  intensities  in  the  x-ray  diffraction  topographs.  The  visibility 
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of  dislocations  is  dependent  on  the  choice  of  reflecting  crystallographic 
planes.  The  criteria  for  x-ray  diffraction  contrast  are  similar  to  those 
that  apply  in  electron  transmission  microscopy.  The  advantages  of 
this  technique  are: 

1.  Testing  in  non -destructive. 

2.  Whole  crystal  wafers  may  be  examined. 

3.  Silicon  wafers  may  be  examined  after  each  step  in  the  fabrica¬ 
tion  of  devices,  up  to  and  including  metallization. 

4.  A  single  topograph  reveals  the  occurrence  of  bulk  structural 
defects  coincident  with  transistor  areas. 


Imperfections  in  the  Starting  Material 

Dislocations  in  silicon  are  easily  detected  by  a  variety  of  tech¬ 
niques,  but  x-ray  diffraction  microscopy  based  on  the  primary  extinc¬ 
tion  effect  also  detects  the  effects  of  segregation  and  precipitation. 
Figure  1(a)  shows  dislocation  configurations  representative  for  n-type 
substrate  silicon  upon  which  NPN  planar  transistors  are  made.  This 
crystal  was  solution  doped  with  arsenic  to  10*9  impurity  atomi/cml. 
Arsenic  substitution  atoms  are  not  expected  to  produce  lattice  dilation 
or  compression  consequently  arsenic  segregation  is  not  detectable  in 
the  x-ray  topographs.  Segregation  of  boron  in  silicon  may  be  detected 
by  this  method  at  doping  levels  as  low  as  5  x  10*7  impurity  atoms/cm3. 
Undersized  impurity  atoms  such  as  boron  severely  displace  the  lattice 
planes  in  solution-doped  silicon  as  shown  in  Fig.  2(a).  This  is  a  topo¬ 
graph  of  a  silicon  wafer  that  was  boron  doped  to  3  x  10‘®  atoms/cm3. 
Subsequent  growth  of  epitaxial  layers  upon  such  substrates  may  intro¬ 
duce  h'gh  densities  of  dislocations,  depending  on  thermal  and  concentra¬ 
tion  gradients.  Epitaxial  growths  of  doping  level  and  type  compatible 
with  the  substrate  stress  the  crystal  less  than  non -compatible  growths. 
Figure  1(b)  is  a  topograph  of  an  arsenic -doped  (10*9  atoms  per  cm3) 
epitaxial  layer  grown  on  a  substrate  similar  to  that  shown  in  Fig.  1(a). 
Dislocations,  located  on  octahedral  (ill)  planes,  are  propagated  from 
the  substrate  through  the  epitaxial  layer.  Trigonal  symmetry  of  the  dis¬ 
location  configurations  is  evidence  for  slip  due  to  thermal  gradients 
experienced  by  the  wafer  in  the  epitaxial  reaction  chamber. 


To  accommodate  the  mismatch  in  lattice  parameters  at  interfaces 
of  varying  dopant  concentration,  walls  of  dislocations  aligned  along  crys¬ 
tallographic  <110>  directions  may  be  generated.  The  dislocation  config¬ 
urations  in  Fig.  2(b)  resulted  after  vapor  growth  of  an  arsenic -doped 
epitaxial  layer  on  a  highly  boron -doped  substrate  similar  to  the  wafer 
shown  in  Fig.  2(a).  The  dislocation  reactions  involved  here  are  similar 
to  those  that  result  from  high  concentration  gradients  during  boron  or 
phosphorus  diffusion  in  silicon.  Ths  dislocation  densities  depend  on 
the  degree  of  misfit  at  the  interface.  Generally,  when  the  doping  levels 
and  type  between  substrate  and  epitaxial  layer  are  similar,  the  number 
of  misfit  dislocations  are  few.  The  high  dislocation  density  in  Fig.  2(b) 
results  from  a  high  concentration  gradient  at  the  interface. 


Occurrence  of  stacking  faults  in  epitaxial  layers  may  be  mini- 
ized  by  surface  preparation  and  cleaning  procedures.  Stair-rod  disloca¬ 
tions  at  bent  stacking  faults  are  known  to  be  electrically  active  and  contri 
bute  to  localized  breakdown.  9  Batsford  and  Thomas  have  shown  that 
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Figure  1 

(a)  Arsenic -doped  (10*9  arsenic  atoms/cm^)  substrate  silicon  of  mod¬ 
erate  dislocation  density,  (b)  Epitaxial  silicon  growth  on  a  silicon  sub 
strate  similar  to  that  in  Fig.  1(a).  Thermal  gradients  cause  rows  of 
dislocations  aligned  along  <110>  directions. 
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Figure  2 

(a)  Boron-doped  (3  x  1020  boron  aioms/cm3)  substrate  silicon  showing  a 
hish  degree  of  inngmo aeneous  strain  due  Lu  die  dopant  in  a  ' 'dislocation - 
free"  wafer,  (b)  Arsenic -doped  (10*9  arsenic  atoms/cm-'}  epitaxial  sili¬ 
con  growth  on  a  substrate  similar  to  that  in  Fig.  2(a)-  <110>  dislocation 

arrays  relieve  the  stress  at  interfaces  of  varying  dopant  ooncentrations. 
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metallic  impurities  are  perferentially  precipitated  on  stacking  faults. 
Therefore  the  effects  of  stacking  faults  and  their  associated  dislocations 
may  considerably  influence  devices  made  on  epitaxial  layers.  However, 
stacking  fault  densities  in  wafers  made  into  transistor  devices  were 
less  than  500/cm^  in  this  situdy.  Consequently,  their  influence  on  re¬ 
verse  breakdown  voltage  specifications  was  thought  to  be  minimal  in 
this  investigation. 


Correlation  of  Junction  Properties  and  Imperfections 

NPN  epitaxial  planar  transistors  may  be  formed  on  wafers  similar 
to  that  shown  in  Figs.  1(a)  and  1(b).  The  junctions  are  formed  by  dif¬ 
fusing  through  oxide  masks  produced  oa  the  wafer  surface  by  standard 
KPR  photoresist  and  etching  techniques.  The  oxide  windows  give  rise 
to  their  own  diffraction  contrast  and  are  discussed  in  the  next  section. 
X-ray  topographs  (see  Fig.  3)  of  defects  in  a  silicon  wafer  after  the 
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tests.  The  junctions  in  areas  such  as  A,  B  anc  C  may  now  be  probed 
for  reverse-breakdown-voltage  characteristics.  Areas  A  and  B  are  es¬ 
sentially  void  of  dislocations,  while  tha  dislocation  density  of  area  C 
is  extremely  high.  The  dislocation  networks  of  area  C  are  aligned  in 
<  110>  directions  and  are  formed  as  a  result  of  thermal  gradients 
during  the  epitaxial  silicon  growth  process. 


In  terms  of  meeting  reverse -breakdown-voltage  specifications  (the 
units  were  designed  for  70-volt  reverse  breakdown),  the  junctions  in 
areas  A  and  B  had  a  75  percent  and  56  percent  yield  respectively,  where¬ 
as  none  of  the  junctions  in  area  C  had  greater  than  70-vclt  breakdowns. 
After  the  emitter  diffusion,  formed  to  achieve  alp  base  width,  the 
yields  in  areas  A  and  B  remain  essentially  unchanged;  however,  10  of 
the  16  junctions  in  area  C  became  shorted. 

To  explain  the  variations  in  the  reverse  breakdown  voltages  in  de¬ 
vices  built  on  the  same  wafer,  severe!  competing  processes  must  be 
considered.  Direct  effects  of  dislocations,  such  as  extra  conductivity 
paths  due  to  "dangling"  bonds  accepting  electrons  in  n  type  material, 
are  probably  minimal.  However,  interaction  between  dislocations  and 
impurities  is  known  to  occur.  Impurities  of  larger  or  smaller  ionic 
radii  fit  more  easily  in  regions  of  dilation  or  compression  in  the  vicinity 
of  a  dislocation.  Queioser,  et  al.  estimated  that  diffusion  rates  are 
105  higher  in  diffusion  channels  afforded  by  dislocations  along  small- 
angle  grain  boundaries.  As  a  consequence,  selective  diffusion  and  pre¬ 
cipitation  may  occur  in  heavily  dislocated  regions.  Emitter -collector 
breakthrough,  such  as  occurs  in  the  highly  dislocated  area  C,  may  be 
initiated  by  diffusion  enhancement,  i.  e.  ,  punch-through  due  to  an  en¬ 
hanced  diffusion  front  and  a  shorted  base  region  due  to  diffusion  pipes 
along  dislocations. 

Gettering  action  resulting  from  the  P2O  diffusion  was  cvxueut  in 
areas  A  and  3.  This  suggests  that  precipitation  may  be  a  dominant  pro¬ 
cess  even  in  the  absence  of  dislocations.  Silicon  phosphide  precipitates, 
approximately  1  p  in  the  longest  dimension,  have  been  detected  in  diffused 
silicon  by  transmission  electron  microscopy.  *2  Although  the  size  of 
such  precipitates  precludes  their  detection  by  x-ray  diffraction  micro¬ 
scopy,  it  is  reasonable  to  assume  the  existence  of  these  or  some  other 
precipitate  form  in  these  wafers. 
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Figure  3 

X-ray  topograph  of  silicon  wafer  similar  to  Fig.  i  but  after  base  boron 
diffusior.  The  areas  outlined  were  selected  for  measurements  of  re¬ 
verse  breakdown  voltages  and  correlated  with  the  coincidence  of  struc¬ 
tural  defects. 


Diffusion  Enhancement  at  Oxide  Window  Peripheries 

Thermal  oxidation  is  commonly  employed  for  passivation  and 
masking.  Defects  generated  due  to  such  standard  thermal  treatments 
have  not  been  detected  by  x-ray  methods  although  recently  Queisser  and 
van  Loom,  13  and  Wilhelm  and  JoshiH  have  detected  by  etching  tech¬ 
niques  the  development  of  stacking  faults  after  steam  oxidizing  silicon. 
However,  strains  due  to  mismatch  in  thermal  expansion  coefficients  at 
silicon-silicon  oxide  interfaces  are  evident  in  x-ray  topographs. 

Figure  4  reveals  considerable  elastic  strain  associated  with  the  window 
openings  and  the  diffraction  contrast  is  clearly  dependent  on  the  reflec¬ 
tion  chosen.  15  In  Fig.  4(a),  the  diffraction  vector  is  vertical  while  in 
Fig.  4(b)  it  is  diagonal.  Strain  associated  with  grain  boundary  disloca¬ 
tions  enhance  a- diffusion,..  The  migration. .of  impurities.,  especially . 

during  diffusion  cycles,  toward  areas  of  high  strain  such  as  exist  at 
oxide  window  peripheries  might  be  expected  and  depend  on  the  nature  of 
the  diffusion  process. 

Emitter  diffusions  may  be  more  influential  in  producing  structured 
effects  than  base  diffusions  due  to  the  higher  surface  concentrations  and 
concentration  gradients.  Quenching  after  the  base  and  emitter  diffusions 
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rder  to  relievo  the  stress  due  to  solute  lattice  contraction  of  phos- 
borus.  -  -  Diffusion  induced  dislocations  were  not  detected  in  x-ray 
apographs  after  either  the  base  or  emitter  diffusions  (see  Fig.  5a). 
lowever,  after  removing  the  oxide  layer,  residual  strain  at  the  emitter 
inger  periphery  is  present  (see  Fig.  5b)  while  no  residual  strain  due  to 
ae  base  diffusion  occurs.  The  rules  for  interpretation  of  x-ray  diffrac¬ 
tion  topographs  eliminate  the  possibility  of  extensive  precipitation  at 
be  emitter  finger  periphery  and  suggest  that  the  diffraction  contrast, 
vident  is  Fig.  5(b),  is  due  to  diffusion  enhancement  at  the  emitter 
inger  periphery. 


Figure  6 Tsi" "an  optical  micrograph  of  an etched  transistor  from 
he  wafer  displayed  in  Fig.  5(a).  Diffusion -induced  dislocations, 
ligned  along  <110>  directions,  are  revealed  only  in  the  emitter  areas, 
.lateral  propagation  of  these  dislocations  to  surrounding  regions  is 
'rohibited.  Diffusion-induced  dislocations  occur  in  each  emitter  area 
>f  the  same  crystal  wafer  although  the  dislocation  densities  vary  from 
mitter  to  emitter.  This  suggests  that  inhomogeneities  in  the  host 
material  produce  local  regions  of  stress  which  more  easily  induce  slip 


(a)  (b) 


Figure  5 

(a)  Enlarged  (~60X)  x-ray  topograph  of  the  wafer  shown  in  Fig.  3  after 
emitter  diffusion.  Note  that  both  the  base  and  emitter  oxide  window 
peripheries  are  visible,  (b)  Enlarged  (~60X)  x-ray  topograph  showing 
residual  strain  due  to  diffusion  enhancement  at  emitter  finger  peripheries. 


in  the  presence  of  concentration  gradients.  The  inhomogeneities  in  the 
host  material  may  originate  in  the  starting  single  crystal,  or  they  may 
be  due  to  subsequent  processing  treatments.  For  instance,  in  epitaxially 
grown  films,  it  is  known  that  stacking  fault  densities  vary  depending  on 
surface  cleanliness.  There  may  be  residual  KPR  in  the  photoresist 
process,  and  subsequently,  there  may  be  non-uniform  oxide  or  pinholes 
in  oxide.  Oust  particles  may  generate  localized  growth  defects  such  as 
growth  pyramids,  or  pinholes  in  oxide  films.  The  pinholes  may  cause 
a  non-uniform  diffusion  profile,  defects  may  be  introduced  preferentially, 
and  precipitates  may  form  at  some  defects  preferentially. 

The  sensitivity  of  x-ray  diffraction  microscopy  is  limited  to  the  de¬ 
tection  of  strain  fields  that  extend  5  to  80  p  around  a  dislocation  depending 
on  dislocation  densities.  Strain  fields  extending  less  than  5  p  would  be 
invisible  in  the  x-ray  topographs.  The  inconsistent  observations  (see 
•  Fig .  •  5(a)-  and  6)  involving  dislocation-  reactions  within-emitter  areas  are  - 
explainable  if  these  dislocations  have  short  range  (less  than  5  p)  strain 
fields.  Such  dislocation  reactions  have  been  analyzed  as  due  to  two 
partials  and  a  stair-rod  dislocation  bounding  stacking  faults.  The  ex¬ 
tension  of  partial  dislocations  in  distorted  silicon  has  been  measured  as 
less  than  100  A.  It  seems  plausible  then  to  assume  that  an  extended 
dislocation  offers  little  x-ray  contrast  and  consequently  is  invisible  in 
the  topograph. 
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Figure  6 

Optical  micrograph  (500  X)  of  an  etched  tranaiator  area  of  the  wafer 
shown  in  Fig.  5(a). 


Process-Introduced  Macroscopic  Strains 

Surface  damage  introduced  by  grinding  or  acratches  strains  the 
crystal  so  that  severe  warping  and  bending  of  thin  wafer  sections  occur. 
Thin  films  of  silicon  oxide  may  also  elastically  bend  the  crystal  ao  that 
portions  of  the  crystal  are  miaoriented  relative  to  surrounding  crystal 
areas.  N-type  (arsenic  doped)  10  p  thick  epitaxial  layers  deposited  on 
n-type  (arsenic  doped)  substrates  may  bend  the  lattice  depending  on  the 
substrate  surface  preparation.  Bending  in  this  type  of  material  occurred 
only  when  the  substrate  was  mechanically  polished. 

Since  arsenic  atoms  fit  well  into  the  silicon  lattice,  the  bending 
must  occur  due  to  strain  originating  at  damage  on  mechanically  polished 
surfaces.  Diffusion  of  doping  impurities,  especially  selective  area  dif¬ 
fusion;  likewise  introduces  bending  or  flexure  in  sill  cor.  wafers.  The 
extent  of  this  flexure  can  be  measured  by  scanning  crystal  x-ray  trans¬ 
mission techniques.  *7  The  flexure  becomes  more  pronounced  as  the 

number  of  diffusion  and  oxidation  steps  "Increases". . The'straihsassoci- 

ated  with  these  flexures  may  be  quite  complicated  due  to  multiple  dif¬ 
fusions  through  complicated  geometrical  masks  such  as  are  required 
for  integrated  circuits.  The  ensuing  warps  or  bends  make  it  difficult  to 
record  large -area  x-ray  topographs  due  to  the  misorientation  of  the  lat¬ 
tice  in  the  wafers  which  are  2.  5  cm  diameter  or  greater.  Large  areas 
of  the  crystal,  which  is  set  for  Laue  reflection,  will  not  reflect  x-rays 
depending  on  the  degree  of  elastic  or  built-in  strain.  Topographs  of  the 
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whole  crystal  may  be  made  by  compensating  for  the  misorientation  by 
superimposing  an  oscillating  motion  about  the  Bragg  axis  simultaneously 
with  the  ncanning  motion  of  the  crystal.  Figure  3  is  representative  of 
the  quality  of  the  x-ray  images  which  may  be  obtained  by  application  of 
this  technique.  Externally  produced  stress  has  been  shown  by 
Bernard,  et  al.  *9  to  reduce  breakdown  voltages  but  no  definitive  tests 
have  been  made  to  ascertain  its  significance  in  our  studies. 

Conclusions 

X-ray  diffraction  microscopy,  due  to  its  non -destructive  nature, 
is  unique  in  that  it  permits  correlating  process-introduced  defects  with 
electrical  measurements.  Our  work  has  shown  such  correlation.  Al¬ 
though  one  can  locate  the  defects,  many  competing  mechanisms  con¬ 
tribute  to  the  device  failure.  Many  defects  have  been  revealed  by  the 
x-ray  technique.  However  complimentery  techniques  are  always  needed 
to  support  conclusions  deducted  from  x-ray  topographs.  Further  re¬ 
search  efforts  will  attempt  to  define  which  defect  is  most  detrimental 
and  how  generation  of  defects  might  be  avoided. 
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I.  INTRODUCTION 


ng  that  sodium  contami- 


At  least  two  papers!*--/  have  appeared  BUggeBtir 
nation  of  planar  oxides  is  a  major  source  of  device  instability  when  devices  are 
operated  under  d-c  bias  conditions  at  moderately  elevated  temperatures.  This 
suggestion  seems  well  supported  by  papers  ,!J?/  describing  the  properties  of 
alkali  metals  in  bulk  silica.  In  addition,  at  least  three  references  5.i  show 
how  the  mobility  of  the  sodium  may  be  used  to  extract  sodium  at  the  negative 
electrode  with  the  sample  at  a  few  hundred  degrees  Centigrade. 


Numerous  investigators iLPi  10r  11/  show  how  the  instability  of  the  sili¬ 
con  surface  can  be  investigated  using  a  simple  capacitor  formed  from  a  metal 
dot  evaporated  on  top  of  a  planar  oxide ,  and  with  electrical  connections  made  to 
the  dot  and  to  a  metal  film  evaporated  on  the  back  of  the  silicon  wafer.  Measure¬ 
ment  of  the  capacitance-voltage-frequency  behavior  of  the  capacitor  is  suffi¬ 
cient  to  characterize  the  underlying  silicon  surface.  In  general,  it  has  been  pro¬ 
posed  that  a  positive  potential  applied  at  the  dot  with  the  sample  at  moderate 
temperatures  causes  the  sodium  to  migrate  within  the  oxide  to  the  oxide-silicon 
innerface,  where,  by  a  charge  mirroring  mechanism,  the  free  sodium  ions 
attract  electrons  out  of  the  bulk  silicon  to  form  an  electron-rich  legion  at  the 
..silicon. surface.  .’Ihia.effect  is.very.nearly  r.eve.rsible..»iien.  caused. by. moderate  ... 
electrical  fields  at  a  few  hundred  degrees  Centigrade. 


It  was  shown  in  1964  that  a  phosphorus  diffusion  into  the  oxide  is  suffi¬ 
cient  to  suppress  the  positive  bias  instability  up  to  175°  c!£*  A  mechanism 
other  than  the  sodium  displacement  was  suggested  by  these  investigators !?/. 


♦Supported  in  part  under  RADC  Contracts  AF  30(602)-3723  and  AF  30(602)-3727. 
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No  direct  measurement  of  the  sodium  contamination  and  distribution  in 
planar  oxides  has  been  reported  in  the  literature  to  substantiate'  its  presence  or 
to  clarify  its  role  in  the  instability  mechanism.  Normal  chemical  techniques 
which  might  be  applied  to  the  problem  are  able  to  be  used  only  when  the  atoms  of 
interest  in  a  sample  accrue  to  1015*16  .  However,  much  lower  limits  may  be 
easily  detected  with  the  technique  of  neutron  activation  analysis .  This  technique 
has  been  exploited  in  the  study  of  sodium  distributions  in  bulk  oxide  samples. 

This  paper  applies  activation  analysis  along  with  accurate  sectioning 
techniques  to  the  study  of  sodium  distributions  in  simple  dried  steam  oxides,  of 
sodium  and  phosphorus  distributions  in  phosphorus  oxide  diffused  dried  steam 
oxides,  and  of  sodium  and  phosphorus  distributions  in  a  lightly  more  complex 
samples  to  be  described.  Some  data  on  thermal  and  electrical  stressing  of  the 
capacitor  structures  formed  in  some  of  these  manners  is  included  for  com¬ 
pleteness.  The  stability  findings  are  in  essential  agreement  with  the  already 
reported  worki2jJ5/. 

Some  discussion  is  made  of  an  empirical  model  for  the  contaminated 
planar  oxide,  and  some  qualitative  arguments  are  offered  for  the  cause  of  the 
various  sodium  distributions  found  in  this  study. 


n.  EXPERIMENTAL 


SAMPLE  PREPARATION 

Oxidized  silicon  slices  were  prepared  from  a  1-inch  diameter,  (111) 
orientation,  4-6  ohm-cm,  arsenic  doped  crystal  wish  a'»  etch  pit  count  of  2680 
per  square  centimeter  and  a  lifetime  of  128  /i -seconds.  After  sawing  to  0. 020- 
inch  thick  slices,  the  surfaces  were  lapped  with  1800-grit  alumina  powder  to 
0.018  inch  and  then  chemically  polished  to  0.010  inch. 

The  chemically  polished  slices  were  then  treated  by  varying  combina¬ 
tions  of  the  following  procedures:  A.  Oxidation  in  one  atmosphere  of  water 
vapor  at  1200°C,  followed  by  a  twenty-minute  period  at  1200°C  In  dry  (~0. 2 
ppm  HgO)  nitrogen.  B.  Phosphorus  two-stage  diffusion:  (B-l)  Deposition 
from  POClg  reacted  with  oxygen  in  a  dry  nitrogen  diluent  at  1200°  C  for  30 
minutes.  Solvolysis  for  10  minutes  In  boiling  water.  Diffusion  for  60  minutes 
in  a  5%  oxygen,  95%  nitrogen  mixture  at  1100°C.  (B-2)  Deposition  as  in  B-l 

but  at  925°C  for  30  minutes  followed  by  solvolysis  and  diffusion  as  in  B-l. 

C.  Etch  off  the  ph08phbws  gla8s,  red3ddlae“'imd'dry  the  03ade  as  in  A. . 

Processes  above  will  be  referred  to  as  A,  B-l,  B-2,  and  C  in  the  rest 
of  the  paper.  Oxidations  and  diffusions  were  performed  in  quartz  reaction  tubes 
with  10-ppm  sodium  contamination  enclosed  In  furnace  liners  with  sodium  con¬ 
tent  from  0. 5  to  5%. 
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Some  samples  were  prepared  for  evaluation  as  MOS  capacitors  using 
process  A  followed  by  B-2.  Gold  was  evaporated  over  the  entire  back  of  the 
slices  and  in  30-mil  diameter  dots  on  the  oxide  through  a  metal  mask.  After 
scribing  into  individual  units  the  capacitors  wore  mounted  in  a  TO-5  header 
equipped  with  a  special  tungsten  probe  for  contact  to  the  gold  dot.  Ambient 
during  encapsulation  was  ( <  3  ppm  HjO)  nitrogen. 

SECTIONING  AND  COUNTING  TECHNIQUE 


Both  sodium  and  phosphorus  concentrations  were  determined  by  count¬ 
ing  incremental  etch  quantities  from  the  oxide  following  neutron  activation.  Since 
high  sensitivity  was  required,  a  high  thermal  neutron  flux  was  necessary.  With 
the  Union  Carbide  reactor  facility  at  Tuxedo,  New  York,  it  was  possible  to 
irradiate  1-inch  diameter  silicon  slices  at  a  flux  of  1013  neistrons/cm2-sec  for 
a  period  of  twenty-four  hours.  The  samples  were  placed  in  the  reactor  one 
morning,  removed  the  next  day,  and  shipped  to  the  Texas  Instruments  counting 
facility  for  measurements  within  one  half-life  of  sodium-24  (i.e. ,  15  hours). 

The  samples  used  were  described  earlier  in  the  paper.  After  final 
preparation  the  samples  were  sandwiched  between  zirconium  foil  disks  and  then 
wrapped  in  aluminum  foil.  Specific  activities  to  be  used  for  calculation  of  the 
sodium  and  phosphorus  present  in  the  samples  were  determined  from  counting 
known  quantities  of  sodium  chloride  and  Na3P04*  I2H2O  irradiated  at  the  same 
time  and  location  as  the  silicon  slices.  In  actual  practice  the  sodium  and  the 
phosphorus  standards  had  specific  activities  of  10lf)  atoms/count -minute  and 
6  x  loll  atoms/count-minute,  respectively. 

Incremental  layers  were  removed  from  the  oxide  UBing  dilute  aqueous 
hydrofluoric  acid  in  minimal  volume.  The  thickness  of  the  layer  removed  was 
determined  by  measurement  before  and  after  etching  using  a  Gaertner  Model 
L-119  ellipsometer.  The  small  volume  of  water  used  to  rinse  the  slice  was 
combined  with  the  etch  volume  to  total  about  two  milliliters.  After  counting 
this  etch  volume  for  sodium  in  a  manner  to  be  described,  the  phosphorus  in  the 
etch  was  prepared  for  analysis. 

It  was  necessary  to  separate  the  phosphorus  from  small  quantities  of 
gold,  arsenic,  and  copper,  which  comprise  the  other  beta  emitters  known  to  b,e 
present.  First  a  measured  amount  of  phosphorus  carrier  was  added  to  the 
incremental  etch  solution.  After  addition  of  concentrated  sulfuric  acid,  the 
solution  was  evaporated  to  dense  SO3  fumes,  and  diluted.  Additional  phosphorus 

carrier  was  added.,,  and  the  white  siUc a. precipitate  was  discarded.  .AJUr.e.e- . 

stage  purification  was  then  performed.  First,  ten  milligrams  of  gold,  copper 
and  arsenic  carrier,  one  gram  of  ammonium  chloride,  and  one  drop  of  10% 
potassium  permanganate  were  added  to  the  above  solution.  Gold,  copper  and 
arsenic  were  precipitated  by  hydrogen  sulfide.  The  precipitates  were  discarded 
after  combining  washes .  Magnesium  chloride  solution  was  added,  and  the 
phosphorus  present  was  precipitated  as  magnesium  ammonium  phosphate  by 
the  addition  of  ammonium  hydroxide.  This  precipitate  was  redissolved  after 
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decanting  the  solution;  additional  gold,  arsenic  and  copper  carrier  were  added; 
and  the  preceding  process  was  repeated  two  times .  Use  final  precipitate  of 
magnesium  ammonium  phosphate  hexahydrate  was  collected,  washed  with 
ammonium  hydroxide,  methanol  and  acetone,  and  dried  at  110° C  before  mount¬ 
ing  for  counting  the  beta  emission  from  the  phosphorus-32. 

Since  this  process  separates  the  sodium  in  the  solution  above  the 
phosphate  precipitate,  it  is  possible  to  measure  die  phosphorus  activity  without 
waiting  for  the  sodium  to  decay  to  a  low  level.  Further,  elimination  of  the  only 
significant  additional  impurities  present,  gold,  copper,  and  arsenic,  yields  an 
unambiguous  value  for  phosphorus  concentrations  from  the  beta  emission  count. 

The  phosphorus  beta  emission  was  counted  on  a  Baird  Atomics,  gas 
flow  proportional  counter  using  the  magnesium  ammonium  phosphate  precipi¬ 
tates  from  each  etch  volume.  Correction  was  added  to  compensate  for  loss  in 
the  precipitation  separations.  Additional  counts  were  taken  over  an  extended 
period  of  time  to  insure  that  the  material  had  the  decay  constant  of  phosphorus-32. 

Gamma  radiation  from  the  sodium-24  was  analysed  using  three  different 
instruments:  (1)  a  Victoreen  single-channel  analyser  consisting  of  a  model 
764-1  scaler  and  a  model  764-2  pulse  height  analyzer;  (2)  a  Baird  Atomics 
single-channel  analyzer  composed  of  a  model  215  amplifier,  a  model  134 
scaler,  and  a  model  510  pulse  height  analyzer;  and  (3)  a  Nuclear  Data  512 
channel  multichannel  analyzer  model  number  130  AT.  A  separate  2-  by  2-inch 
sodium  iodide  well  detector  was  used  with  each  single-channel  counting 
apparatus.  The  512  channel  analyzer  used  a  3-inch  sodium  iodide  detector. 

The  single-channel  analyzers  were  calibrated  using  a  cesium  137 
standard  source,  and  were  adjusted  to  cut  off  all  gamma  energies  below  1.3  mev 
and  above  4  mev.  This  region  brackets  the  1.368  and  2. 754  mev  gamma  peaks  of 
sodium-24.  The  multichannel  analyzer  was  used  to  cross  check  selected  data 
points  taken  with  the  Victoreen  and  the  Baird  Atomic  instruments.  Comparison 
of  the  data  is  shown  in  Table  I. 


Table  I 


Sample 

Number 

Etch  Step 
Number 

Concentration  Na  (atoms/cc) 

Multichannel  Analyzer 

Single-Channel  Analyzer 

■  1-9N80 . 

. 1 . 

. . 1.24jc  1020  . 

. 1.21  xlOZO 

19N73 

1 

1.16  x  1018 

9.49  x  1017 

19N73 

7 

1.19  x  1017 

1.15  x  1017 

19N80 

7 

1.54  x  1016 

1.46  x  1016 

393 


Error  in  the  sodium  concentration  values  found  in  the  experiment  could 
arise  from  the  fast  neutron  reactions:  Mg24  (n,p)  Na24  and  Al27  (n,  a)  Na24. 
These  reactions  produce  significant  Na24  activity  only  when  the  product  of  the 
number  of  atoms  present,  their  reaction  cross  section  (barns),  and  the  fast 
neutron  flux  exceeds  1024.  The  fast  neutron  to  thermal  neutron  flux  ratio  in  the 
Tuxedo,  New  York  reactor  is  about  one  to  three,  while  that  of  the  Oak  Ridge 
reactor  is  about  one  to  thirteen.  Several  samples  of  smaller  dimension  exposed 
in  the  Oak  Ridge  reactor  gave  results  comparable  to  those  found  after  irradiation 
at  the  Tuxedo  reactor. 

TYPICAL  SODIUM  AND  PHOSPHORUS  DISTRIBUTIONS 


Sodium  profiles  were  obtained  on  several  slices  from  separate  oxida¬ 
tions  formed  according  to  process  A,  While  the  bulk  concentration  level  in  the 
oxide  was  found  to  vary  with  chemical  treatment,  aa  shown  in  Figures  1  and  2, 
the  general  form  of  the  distribution  is  constant.  More  than  90%  of  all  sodium 
found  in  the  samples  was  contained  within  a  few  hundred  angstroms  of  the  outer 
surface  of  the  oxide.  A  similar  increase  in  concentrations  in  excess  of  the  bulk 
level  was  found  at  the  oxide-silicon  interface. 

i 

Typical  phosphorus  and  sodium  distributions  are  shown  in  Figures  3 
and  4  for  oxides  prepared  by  Process  A,  B-l  and  A,  B-2,  respectively.  It 
should  be  noted  that  the  sodium  appears  to  be  extracted  by  the  phosphorus  glass 
and  is  lower  in  concentration  in  the  oxide  region  between  the  glass  and  the  sili¬ 
con  than  in  the  simple  oxide. 

Samples  listed  in  Table  II  were  prepared  by  successive  combinations  of 
oxide  growth  (A),  phosphorus  diffusion  (B-l),  and  etching  of  the  phosphorus 
glass  followed  by  reoxidation  (C).  Table  n  also  lists  the  sodium  concentration 
per  square  centimeter  in  the  silicon  substrates  under  the  oxide.  Those  samples 
which  did  not  have  a  phosphorus  glass  on  the  surface  had  at  least  thirty  times 
more  sodium  in  the  silicon  than  the  diffused  oxide  samples. 

Figure  5  shows  the  distributions  in  sample  19N86  from  Table  n  which 
has  undergone  a  sequence  of  steps  A,  B-l,  C,  B-l,  C,  B-l.  More  sodium  was 
found  at  the  outer  oxide  surface  of  this  sample  than  for  sample  undergoing  only 
processes  A,  B-l.  However,  the  sodium  at  the  interface  was  removed  to  a  low 
level.  In  contrast,  sample  1SN92,  prepared  according  to  the  sequence  A,  B-l, 

C,  B-l,  C,  gave  the  sodium  distribution  shown  in  Figure  6.  This  data  is  simi¬ 
lar  in  most  respects -to  that-shown  in  Figures  1  and  2.- . - . 

An  attempt  was  made  to  redistribute  the  sodium  in  a  simple  dried  steam 
oxide  by  applying  an  electric  field  of  1  x  10®  volts/centimeter  of  oxide  at  175°C 
for  180  minutes.  The  positive  potential  was  applied  to  a  large  gold  pressure  con¬ 
tact  on  the  surface  of  the  oxide,  while  negative  contact  was  made  to  the  back  side 
of  the  silicon  wafer.  The  distributions  in  the  oxide  for  biased  and  unbiased 
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CONCENTRATION  SODIUM  (AT0M5/CG) 


Figure  1 

Sodium  Distribution  in  Dry  Steam  Oxide  (Process  A) 
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CONCENTRATION  SODIUM  (ATCMS/CC ) 


OXIDE  THICKNESS  (A) 

Figure  2 

Sodium  Distribution  in  Dry  Steam  Oxide  (Process  A) 
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Table  II 


Total  Sodium  in  Silicon  Substrates 


Sample 

AtomsNa/cm2 

Process* 

19N80 

1.26  x  1013 

A 

19N81 

2.80  x 1012 

A 

19N73 

1.44  xlO12 

A.B-l 

19N99 

1.14  xlO12 

A,  B-l 

19N78 

1.32  x  1012 

A.B-l,  C,B-1 

•  19N84 

1.14  x  1012 

A.B-l,  C, B-l 

19N68 

1.05  x 1013 

A,  B-l,  C,B-1.C 

19N96 

3.34  x  1012 

A,  B-l,  C,  B-l,  C 

19N86 

1.15  x  1012 

A, B-l,  C, B-l, C, B-l 

19N98 

1.33  x  1012 

A,  B-l,  C,  B-l, C, B-l 

*  Refer  to  Sample  Preparation  discussion. 


samples  were  identical  within  experimental  error.  However ,  the  total  sodium 
concentration  in  the  silicon  of  the  biased  samples  increased  thirty  fold  over  the 
unbiased  samples. 

On  unbiased  dried  steam  oxide  samples  the  sodium  concentration  in  the 
first  micron  of  silicon  was  in  the  10i7  atoms/cc  range.  This  decreased  to  a  low 
level  on  sectioning  into  the  silicon. 


OXIDE  STABILITY  ASSESSMENT  USING  MOS  CAPACITOR  STRUCTURES 

Metal -oxide-semiconductor  capacitor  structures  were  fabricated  to 
evaluate  the  stability  of  the  variously  prepared  oxides.  In  particular,  it  was 
desired  to  compare  the  phosphorus  treated  oxides  with  those  in  which  no  post- 
oxidation  treatment  was  employed. 

The  analytical  technique  was  baaed  upon  measurement  of  high  frequency 
MOS  capacitance-voltage  characteristics  of  the  structures  before  and  after  sub¬ 
jecting  them  to  thermal  and  electrical  stress .  Quantitative  analysis  of  the 
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CONCENTRATION  OF  SODIUM  (ATOMS/CC) 


Figure  3 


Sodium  and  Phosphorus  Distribution  in  Diffused, 
Dry  Steam  Oxide  (Process  A,  B-l) 


CONCENTRATION  PHOSPHORUS  (ATOMS/CC) 
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PHOSPHORUS 
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Figure  4 

Sodium  and  Phosphorus  Distributions  in  Diffused, 

Dry  Steam  Oxides  (Process  A,  B-2) 
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Figure  5 

Sodium  and  Phosphorus  Distribution  in  an  Oxide  After  Several 
Processes  (Process  A,  B-l,  C,  B-l,  C,  B-l) 


OXIDE  THICKNESS  (A) 

Figure  6 

Sodium  Distribution  in  Oxide  After  Several 
Processes  {Process  A,  B-l,  C,  B-l,  C,  B-l,  C) 
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measured  C-V  characteristics  was  accomplished  by  comparison  with  theoreti¬ 
cally  derived  curves  calculated  as  described  by  several  wnrker«8,9, 10,11/ 

It  has  been  shown  that  the  differences  between  the  measured  and 
theoretical  capacitance-voltage  curves  are  related  to  the  magnitudes  and  densi¬ 
ties  of  charge  distributions  in  the  oxide-silicon  system,  and  that  shifts  of  the 
characteristics  under  stress  can  be  interpreted  in  terms  of  charge  migration 
processes. 

For  this  discussion  MOS  structures  have  been  characterised  by  the  bias 
voltage,  Vjd,  required  to  bring  the  silicon  surface  to  a  "flat  band"  condition. 
This  condition  can  be  determined  from  the  measured  C-V  curve  by  theoretical 
analyses  8, 9.  .10, 11/  if  the  oxide  thickness  and  silicon  resistivity  are  known. 
Since  all  samples  were  fabricated  on  ailicon  of  the  same  reaiativity  and  all 
electrical  measurements  made  on  oxides  of  known  thickness,  s  comparison  of 
sample  stability  can  be  made  directly  from  the  flat  band  potential.  This  assumes 
that  the  resistivity  of  the  silicon  surface  ia  not  changed  by  the  processing.  With 
one  exception  to  be  discussed  below,  this  condition  was  satisfied  in  the 
experiments. 

The  exception  involves  material  treated  as  described  in  process  B-l. 
The  phosphorus  profile  shown  in  Figure  3  indicates  that  an  appreciable  concen¬ 
tration  of  phosphorus  penetrated  the  oxide -glass  interface  and  reached  the  sili¬ 
con  surface.  This  doped  the  surface  to  a  higher  level,  resulting  in  silicon 
surface  depletion  layer  capacitance  too  large  to  be  observed  experimentally  in 
this  system.  For  this  reason,  the  comparison  of  the  stability  of  untreated  and 
phosphorus  treated  oxides  was  limited  to  material  treated  as  in  processes  A 
andB-2. 


Figure  7  shows  the  change  for  samples  prepared  as  in  (A,  B-2)  in  flat 
band  voltage,  A  Vgg,  after  various  durations  under  stress  at  175°C  (T^)  with  a 
positive  electric  field  (Eox)  of  10®  volt/cm  in  the  oxide.  The  level  of  stability 
indicated  is  so  much  greater  than  that  of  the  non-phoaphorue  diffused  oxides  that 
it  was  not  possible  to  compare  both  types  of  samples  at  this  stress  level.  The 
C-V  characteristics  of  the  process  A  oxides  were  so  strongly  shifted  after  5 
minutes  at  the  above  stress  level  that  they  could  not  be  meaningfully  analyzed. 

By  lowering  the  stress  temperature  to  125°  C  it  was  possible  to  observe  the 
growth  of  the  Instability  in  these  samples.  This  is  also  shown  in  Figure  7, 
where  again  A  Vj>b  is  plotted  versus  stress  time  with  Eox  =  10®  v/cm  and 
with  T^  -  125°  C.  It  is  seen  that  the  phosphorus  treated  material  is  much  more 
stable  *t.l7.5°C.than..tha..iinf nested  material  .at- 125?  C . . . 

Material  processed  by  phosphorus  deposition,  glass  removal  and 
reoxidation  as  described  in  process  C  was  analyzed  for  MOS  stability  after  up 
to  four  repetitions  of  the  etch-regrowth  cycle.  In  this  experiment,  flat  band 
voltages,  Vjrg,  were  measured  initially  and  again  after  200  hours  at  the  175° C, 
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106  v/cm  stress  condition.  All  the  samples  exhibited  stabilities  similar  to  that 
found  for  die  simple  phosphorus  samples  (Figure  7),  but  no  significant  improve¬ 
ment  in  stability  with  repeated  etch -back-regrowth  cycles  was  observed. 


m.  DISCUSSION 


Figure  8  shows  a  Flscher-Herschfelder  model  proposed  for  a  planar 
oxide  formed  on  a  (111)  orientation  silicon  slice.  On  a  local  basis  (a  few  atomic 
spacings)  it  is  Impossible  to  Join  every  sllioon  crystal  surface  atom  via  oxygen 
linkage  to  other  silicon  atoms  which  are  members  of  siloxane  chains  within  the 
oxide.  Far  the  tame  spatial  reasons  that  prevent  total  inclusion  of  all  silicon 
crystal  surface  atoms  in  the  oxide  linkage,  only  a  partial  number  cf  the  silicon 
surface  atoms  uncombined  with  die  oxide  can  terminate  in  simple  linkages  such 
as  Si  OH  or  SiONa.  The  remaining  silicon  stems  have  to  relocate,  much  in  the 
same  manner  as  on  a  clean  surface  to  minimize  die  aurfaoe  energy  of  the 
system.  All  of  the  surface  sllioon  atoms  which  do  not  bond  directly  into  the 
oxide  are  thought  of  as  the  origin  of  electronic  surface  states. 

Because  of  the  random  arrangement  of  siloxane  chains  in  the  oxide, 
sites  occur  where  die  silicon-silicon  distance  is  too  great  for  direct  oxygen 
bonding.  At  such  positions  reaction  with  water  or  with  sodium  oxide  may  occur 
to  terminate  the  siloxane  chains  in  pairs  of  Si  OH  or  SiONa  members.  Chains  at 
such  positions  may  also  be  terminated  by  SlOH-SiF  pairs. 

Chains  may  be  modified  by  introducing  phosphorus  atoms  which  can  act 
as  replacements  for  sllioon  in  tbe  siloxane  linkage.  Because  of  the  differences 
in  bonding  angles,  covalent  radii  and  electronegativity  of  silicon  and  phosphorus, 
this  replacement  is  suspected  to  lead  to  generally  shorter  chain  lengths.  This 
means  there  will  be  a  larger  number  of  non-bonding  oxygen  sites  in  the  glass 
than  in  normal  planar  oxide.  Since  both  water  and  sodium  were  present  during 
formation  of  die  oxide,  it  is  postulated  that  the  equilibrium  ratio  of  sodium  con¬ 
centration  in  the  phosphorus  glass  to  that  In  the  undiffused  oxide  is  proportional 
to  the  ratio  of  the  non -bonding  oxygen  concentration  In  the  two  phases. 

The  high  concentration  of  sodium  at  die  outer  surface  of  the  oxide  is 
attributed  to  termination  of  surface  silicon  atoms  by  an  SiONa  structure.  Since 
the  steam  oxide  was  "dried"  at  high  temperatures  in  dry  nitrogen  (~0. 2  ppm 
HgO),  a  competition  would  arise  between  water  and  sodium  oxide  in  the  drying 
ambieat.  ’WhUe^  -wre  taken  of  a  sodium  distribution  prior  to 

drying  it  is  expected  that  the  outer  surface  would  be  more  populated  with  Si  OH 
terminals  and  have  a  lower  net  sodium  level  than  on  the  dried  samples. 

Measurements  by  the  BET.H/  method  heve  been  made  of  the  surface 
area  of  oxides  prepared  by  various  techniques-^/ .  The  particular  oxide  with 
the  BOdium  distribution  shown  in  Figure  1  has  an  actual  surface  area  of  three  to 
four  times  the  geometric  aroa.  Since  the  thickness  of  oxide  layers  removed  was 


Figure  8 

Molecular  Model  lor  Planar  Oxide  on  Single  Crystalline  Silicon 


In  this  model  the  atoms  are  identified  as  follows: 


No. 


Element 


1 

2 

3* 

4 

5 

6 


Silicon 

Oxygen 

Sodium 

Hydrogen 

Phosphorus 

Fluorine 


*  Sodium  size  and  bond  spacing  are  not  exact. 


determined  by  a  difference  in  total  thickness  before  and  after  etching,  this 
measurement  would  not  necessarily  reflect  any  porosity  at  the  outer  surface. 
Hence,  the  physical  surface  is  postulated  to  extend  a  short  distance  below  the 
geometric  outer  surface . 

From  measurement  with  the  BET  method  the  physical  silicon 

surface  after  chemical  polish  has  from  one  to  two  times  the  geometric  area. 

At  close  approach  (few  hundred  angstroms)  to  the  innerface,  the  oxide  thickness 
measurement  has  questionable  meaning  for  calculation  of  concentration  of  sodium 
per  cubic  centimeter  of  oxide.  In  particular,  if  &  large  amount  of  the  sodium  in 
foe  oxide  innerface  region  is  bonded  to  the  silicon  crystal  in  SiONa  units,  it 
becomes  meaningless  to  express  die  concentration  of  a  monolayer  ae  a  bulk 
concentration.  It  is  interesting  to  nets  that  if  the  total  number  of  sodium  atoms 
within  10oA  of  the  innerface  on  stable  samples  is  computed,  this  value  is  very 
nearly  the  minimum  number  of  states  measured  on  the  MOS  capacitor  samples 
(i.e.  ,2x10  inch  atatos/cm2).  Few  measurements ISziZ/  have  been  made  of 
the  properties  of  sodium  in  silicon,  hi  particular  the  contribution  of  the  sodium, 
which  was  found  to  move  into  the  silloon  under  positive  bias  at  175°C  in  the 
experiment  reported  in  this  paper  was  not  recognized. 

It  should  be  further  noted  that  the  samples  stabilized  by  phosphorus 
diffusion  had  appreciable  quantities  of  sodium  between  the  innerface  (Si-SlC>2) 
and  glassy  phosphorus  phase.  A  simple  charge  mirroring  model  is  not  sufficient 
to  explain  all  effects.  In  fact  the  most  likely  postulate  is  that  the  glassy  phase 
serves  as  a  barrier  to  diffusion  of  the  sodium  present  at  the  outer  surface  of 
the  glass  through  the  oxide  to  the  innerface  or  into  die  silicon.  Hie  significant 
diffusion  mechanism  may  be  a  replacement  of  sodium  in  the  oxide  bulk  by  sodium 
liberated  by  electrolysis  at  the  outer  electrode.  Considerable  effort  will  still  - 
be  required  to  rigorously  support  this  postulate  and  others  offered  in  discussion 
of  this  work. 
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INTRODUCTION 

It  has  been  shown  that  a  u-shaped  tantalum  thin-film  resistor 
on  oxidized  silicon  substrate  goes  through  an  initial  decrease  in 
resistance  value  on  power  stress.  Also,  when  a  dc  potential  is 
applied  to  the  adjacent  parallel  tantalum  thin-film  resistors  on  7059 
glass  substrate,  a  relative  decrease  in  the  resistance  value  of  the 
negatively  biased  resistor  results,* 

Similar  results  are  reportsd  on  the  resistance  changes  of 
parallel  tantalum  nitride  film  resistors  on  soft  glass  and  other  types 
of  substrate.  ^ 

These  phenomena  which  are  distinct  from  the  usual  positive 
change  in  resistance,  noted  in  tantalum  and  most  other  metal  oxide 
thin-film  resistors,  together  with  other  anomalous  changes,  have 
been  attributed  to  the  migration  of  mobile  alkali  ions,  especially 
sodium  ions,  in  or  on  the  glass  substrate  under  the  influence  of  an 
electrical  field,*-®  And  it  has  often  been  suggested  that  the  ion 
migration  causes  instability  and  other  undesirable  effects  on  various 
types  of  semiconductor  devices.  7 

While  the -evidence  for.-tbis  is.not  conclusive,,  the  results  are  ... 
convincing.  And  evidently  the  quantity  of  such  mobile  ions  in  these 
substrates  and  devices  which  influence,  the  characteristics  of  the 
devices  can  be  extremely  small,  in  view  of  the  fact  that  some  of  the 
matrices  used  were  very  pure  in  regard  to  sodium  content. 

•This  work  supported  in  part  by  Cmtract  #AF30(602)-3287  Froject  #5519, 
Task  #551902,  with  Rome  Air  Development  Center,  Griffis s  Air  Fcrce 
Base,  N.  Y. 
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To  improve  the  stability  of  such  devices  and  the  reliability 
of  their  performance,  there  is  need  for  a  more  complete  under¬ 
standing  of  the  mechanism  of  ion  migration  phenomena  in  these 
devices  and  substrates.  However,  such  study  is  hindered  greatly 
by  the  lack  of  suitable  techniques  which  offer  direct  and  quantitative 
results.  Thus,  an  analytical  procedure  which  has  high  sensitivity  of 
detection  is  required  to  trace  the  motion  of  ions  in  these  media  under 
various  operational  and  accelerated  test  conditions. 

The  analytical  technique  is  being-  developed  to  facilitate  the 
study  of  ion  migration  in  insulating  substrate.  Use  is  being  made  of 
radioactive  isotopes  to  trace  the  motion  of  minute  quantities  of 
aupposably  mobile  ions,  and  the  radiations  emitted  from  these  isotopes 
are  being  detected  by  means  of  autoradiographic  techniques.  The 
distribution  and  the  concentration  of  the  tracer  isotopes  can  be  thus 
determined  before  and  after  the  aging  or  power  stress,  or  both. 

The  results  can  be  correlated  with  the  test  conditions  used,  and  the 
mechanism  of  ion  migration  may  be  thus  evaluated. 

Preliminary  results  indicate  the  potential  value  of  this 
technique.  And  some  of  the  results  obtained  thus  far  are  presented 
in  this  paper. 


BACKGROUND 


Radioactive  isotopes  are  widely  used  today  in  various  fields 
of  research.  One  of  the  most  important  applications  of  these  isotopes 
is  their  use  as  tracers.  Since  the  physical  and  chemical  properties 
of  radioactive  isotopes  and  stable  isotopes  can  be  considered  identical 
(except  an  Isotope  of  the  elements  of  low  atomic  numbers),  'radioactive 
isotopes  can  be  used  without  interference  to  the  process  being  carried 
out.  Because  of  the  high  sensitivity  of  detection  radioactive  isotopes 
have  proved  useful  in  numerous  analytical  procedures. 

Photographic  emulsion  has  been  used  for  the  identification 
and  the  rrieasurement  of  radiations  from  the  radioactive  isotopes.  It 
also  provides  a  record  of  the  space  relation  of  many  nuclear  events 
with  the  object  under  study.  The  two  or  three  dimensional  image  on 
or  in  the  photographic  emulsion  produced  by  the  radiation  from  the 
radioactive  isotopes  is- called  an  autoradiogram. 

Various  types  of  photographic  emulsions  or  plates  can  be 
used  for  autoradiographic  study.  The  particular  emulsion  selected 
for  any  given  program  is  determined  by  the  type  of  radiation  to  be 
recorded,  the  level  of  radiation  and  the  degree  of  resolution  required. 
The  problem  under  study  is  ion  migration  in  the  dimension  of  micro- 
circuits  and  this  requires  a  high  resolution  of  image  if  a  quantitative 
analysis  is  to  be  made.  One  of  the  important  factors  determining 
the  resolution  of  the  autoradiogram  is  the  size  of  the  silver  halide 
grain  in  the  emulsion,  which  varies  greatly  with  the  type  of  emulsion. 
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For  instance,  in  X-ray  emulsion  there  are  approximately  6  x  10^ 
gratns/cm^  while  in  nuclear  emulsion  there  are  approximately  10*3 
crystals/cm^,  The  range  of  the  diameter  in  X-ray  emulsion  is  from 
0.5  to  3p  and  that  in  nuclear  emulsion  is  0.1  to  0.  4p  with  a  mean 
diameter  of  about  0.  2u.  Therefore,  nuclear  emulsion  is  chosen  for 
use  in  this  initial  study  since  it  will  provide  a  higher  resolution.  The 
relevant  information  in  various  nuclear  emulsions  is  given  in  Table  I. 

Table  I 

Characteristics  of  Nuclear  Emulsion 


Diameter  of 
Silver  Halide  Grain 


Kodak 

ntb3 

0.34p 

It 

ntb2 

0.26p 

It 

NTB 

0.29p 

It 

NTA 

0.22(i 

It 

NTE 

°.°v 

after  centrifuge 

(300~500A) 

It 

AR10 

same  as  NTBZ 

It 

AR50 

Corse 

NUC307 

“  5T67p 

Ilford  L4  671V 


Diameter  of 
Silver  Grain  after 
Development 


0.  6ji 

0.V 

0.6p 

0.V 

0.  0fe~0.12p 
(800-1400 A) 
resolution  Zp 
*  15p 

difficult  to  handleT 

0. 2  —  0.  45p 


Sodium  has  two  usable  radioactive  isotopes  and  Na“*  . 

The  relevant  nuclear  data  is  given  in  Table  n. 


Table  II 

Radiation  Data  of  Na^  and  Na^ 


Radiation 

isotopes  — 

Electron  Captune  (EC, ) 

Beta  Energy,  (MeV)Abundance 

Gamma 

Energy,  (MeV) 
Abundance 

Na22 

(Half life :2 .6yrs) 

EC  (11%) 

B+  0.54  (89%) 

B+  1.83  (0.06%) 

1.28(100%) 

Na24 

(Half life : 15  hrs) 

B-  1.39  (100%) 

1.  37  (100%) 

2.  76(100%) 

As  will  be  seen  in  the  procedure  described  in  the  next  section  of  this 
paper;  the  problem  under  study  requires  considerable  duration  of 
pretreatment  of  the  test  specimen  before  actual  autoradiographs  can  be 
made.  Thus,  preference  was  given  to  Na^  for  its  long  half  life  with 
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suitable  radiation.  Furthermore,  Na22  is  produced  by  Mg2^  (djJJJNa22 
reaction  and  is  obtainable  in  much  higher  specific  activity  than  that  of 
Na24o  This  reduces  the  minimum  amount  of  sodium  which  has  to  be 
introduced  to  the  specimen  to  obtain  a  meaningful  autoradiogram. 
Moreover,  the  maximum  energy  of  positron  from  Na22  ig  much  less 
(0,  54  MeV)  compared  to  that  of  beta  ray  from  Na2*  (1,  39MeV),  so  with 
sodium  22  a  higher  resolution  and  higher  photographic  response 
can  he  obtained  on  nuclear  emulsion.  For  all  these  reasons 
sodium  22  was  chosen  to  be  used  in  this  study. 

EXPERIMENTAL 
Test  Specimen  and  Procedure 

Shown  in  Figure  1  is  an  experimental  area  of  interest  of  a 
discrete  unit  of  the  resistor  sets  on  the  test  vehicle.  At  least  four 
such  discrete  units  are  contained  in  each  test  vehicle,  which  usually 
measured  lxl  cm^/wl  x  2  cm2. 


Figure  1 

Parallel  Resistor  Test  Pattern  (''<4) 

Alkali-free  glass  (Corning  #7059)  was  used  as  a  substrate 
material;  a  tantalum  film,  700.&  thick,  sputtered  at  2300  volts  was  used 
as  the  resistor  material.  Details  of  the  method  of  fabrication  of  the 
test  vehicle  have  been  given  elsewhere.1  In  this  investigation  adjacent 
parallel  resistors,  Rj  and  Rj  in  Figure  1,  were  used  as  the  test  pattern. 
Each  resistor  is  1/2  mil  in  width,  50  mils  in  length,  and  they  are  spaced 
2  mils  from  each  other. 
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All  the  resistors  were  stabilised  at  400°C  for  1  hour  in  air 
before  use.  The  typical  r.heet  resistivity  of  7059  glass  substrate  vas  In 
the  order  of  10^  ohms  per  square  at  250°C  in  room  air.  Leakage 
current  between  the  two  parallel  resistors  was  in  the  order  of  10“*2 
amperes  at  the  same  temperature. 

After  all  the  necessary  electrical  measurements  were  made 
at  250°C  in  air,  the  following  procedure  was  adopted  for  the  auto¬ 
radiographic  study  of  the  migration  of  sodium  ion  in  the  insulating 
substrate, 

1,  place  approximately  6  x  10"“  micro-curies  (pc) 

of  Na^  c  X  solution  onto  two  of  the  usable  parallel 
resistor  test  patterns  of  adjacent  units. 

a.  About  1/2  c rri  or  less  of  the  surface  area  should 
be  covered  by  the  radioactive  solution. 

b.  The  parallel  resistor  test  pattern  of  the  rest  of 
.  the  unit  in  the  same  test  vehicle  is  left  un¬ 
touched  as  a  control. 

2.  After  the  radioactive  solution  has  dried,  place 
the  test  specimens  individually  into  a  platinum 
box  and  heat  to  U00°C  for  about  1  hour  in  air. 


3,  Measure  the  radioactivity  of  the  specimen. 

4,  Rinse  the  specimen  once  with  D.  L  water  to 
remove  foreign  matter  and,  also,  the  excess 
of  easily  removable  sodium  chloride  from  the 
surface  of  the  specimen. 

5,  Measure  the  radioactivity  of  the  rinsed  specimen 
and  check  the  amount  of  sodium  activity 
remaining  with  the  test  specimen. 

6,  Measure  the  resistance  of  each  resistor,  and 
the  leakage  currents  between  the  adjacent 
parallel  resistors  o'  test  patterns,  maintaining 
the  same  conditions  at  before,  such  as 
temperature,  bias,  etc.*  • 

7,  Ncte  and  discard  the  units  in  which  the  resistor 
or  resistor  patterns  have  been  damaged  or  have 
produced  anomalous  effects  during  these  processes. 


*  To  be  sure  that  the  introduction  of  radioactive  sodium  did  not 
affect  greatly  the  electrical  characteristics  of  the  test  pattern, 
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8.  Strictly  maintaining  the  safe  light  conditions, 
expose  the  radioactive  test  specimens  to  the 
appropriate  nuclear  emulsion  plate  by  holding 
together  the  radioactive  surface  of  the  specimen 
and  the  emulsion  side  of  the  plate  for  a  pre¬ 
determined  duration  under  preset  conditions, 

9.  At  the  end  of  the  exposure,  separate  the  nuclea.r 
track  plate  from  the  test  specimen  and  process 
photographically  as  per  instructions  given  in  (he 
instruction  manual  for  the  particular  nuclear  plate, 

10.  Measure  the  radioactivity  of  the  test  specimens 
again,  to  detect  any  loss  of  activity  due  to  contact 
with  the  nuclear  plate, 

11.  Apply  the  potential  for  a  given  duration  between  two 
adjacent  parallel  resistors  of  test  pattern  at  given 
temperature  (220°C), 

12.  Quickly  cool  the  specimen  after  biasing.  Re-expose 
to  another  nuclear  plate  of  the  same  type. 

a.  Quick  cooling  will  freeze  the  radioactive 
atoms  in  their  positions. 

13.  Photographically  process  the  exposed  nuclear 
plate  as  before, 

14.  Compare  the  photomicrograph  of  the  first  and 
second  autoradiograms  to  observe  the  changes, 
if  any. 

15.  Measure  the  activity  of  the  specimen  a)  again 

and  mount  onto  a  slide  glass  which  was  previously 
coated  with  gelatine,'1) 

a.  To  ensure  that  subsequent  autoradiograms 
will  be  made  from  the  test  specimen  which 
retains  the  same  distribution  and  the  same 
amount  of  radioactivity  as  in  the  previous 

steps, 

b.  To  ensure  good  wet  adhesion  of  the  emulsion 
when  the  autoradiographs  are  processed. 

16.  Apply  stripping  film  directly  onto  sample  surface 
as  per  instruction  under  the  specified  safe  light 
conditions,  and  store  in  a  light-tight  box  for  a 
given  duration  under  the  preset  conditions. 
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17.  Process  the  autoradiographic  stripping  film  on  the 
sample  specimen  without  removing  it  from  the 
specimen,  as  per  instruction.  8 

18.  Prepare  photomicrograph  of  the  autoradiogram  viewed 
on  the  sample. 

a.  The  change  in  density*  distribution  if  any  could 
be  observed  in  relation  to  its  original  test 
pattern. 

RESULTS  AND  DISCUSSION 

Figure  2a  shows  photograph  of  an  autoradiogram  of  the  test 
specimen  (obtained  at  step  9  of  the  procedure)  before  the  application 
of  the  bias  between  two  parallel  resistors  of  a  test  pattern.  The 
radioactivity  of  this  test  vehicle  measured  at  step  5  of  the  procedure 
was  about  15,  000  counts /minute,  indicating  that  the  activity  re¬ 
maining  with  the  specimen  is  about  2  x  10"Z**rmcro  curies  after  the 
rinsing.  (Step  4.  ) 


Figure  2a 


Autoradiogram  of  Parallel  Resistor  Test  Pattern 
(Rl,  R^)  Before  Biasing  (X34) 

.  Radioactive  Isotope  Used:  Na22 
Emulsion:Kodak  Nuclear-  Track  Plate  NTB 
Exposed  one  week  at  4°C 


*  Density:  Defined  as  relative  concentration  of  developed  dark 
grains  in  the  emulsion  or  in  the  photograph. 

**  Compared  with  the  10-2  micro  curies  Na22  standard  which  gives 
7500  counts /min.  under  the  same  counting  conditions. 
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The  relative  resistance  value  did  not  change  appreciably 
when  compared  with  the  control  (step  6),  the  leakage  current  between 
the  two  adjacent  parallel  resistors  were  changed  from  the  order  of 
10-12  amperes  to  the  order  of  10 amps,  but  a  similar  increase  was 
cbserved  with  the  control  patterns.  Thus  it  was  decided  that  in  this 
case  the  introduction  of  the  radioactive  sodium  did  not  produce  any 
unusual  adverse  change  in  electrical  characteristics  of  the  test  pattern 
of  parallel  resistors, 

Kodak  nuclear  track  plates  Type  NTB  (emulsion  thickness  lOp) 
were  used  to  obtain  the  above  autoradiogram.  The  specimen  was 
exposed  for  one  week  in  a  light-tight  box  at  4°C,  The  plate  was  developed 
as  outlined  in  ref.  S. 

In  spite  of  scattered  areas  of  high  density  regions,  the  pattern 
of  the  resistor  unit  is  clearly  discernible  in  the  autoradiogram. 

Figure  2b,  an  enlarged  view  of  a  portion  of  Figure  2a,  is  representative 
of  the  general  characteristics  of  the  entire  pattern.  Except  for  a  few 
spots,  the  distribution  of  the  density  is  rather  uniform  betwoen  the 
two  resistors.  Figure  3,  an  autoradiogram  of  the  same  area  of  the 
test  pattern*  ,  depicted  in  Figure  2b,  was  produced  after  the  application 
of  500  volts  between  the  two  resistors**  for  over  three  days  at  220°C, 


! 

Figure  2b 


Enlarged  View  of  Figure  2a 
(X113) 

*  Exposed  for  10  days,  otherwise  all  conditions  were  the  same. 
**  The  terminal  A  cf  Rj  (inner  resistor)  was  positively,  the 
terminal  C  of  Rg  (outer  resistor)  was  negatively  biased. 
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Figure  3 

Autoradiogram  of  Teat  Pattern 
(XU3) 

Biased  500  volts 

A(Ri)  -  Positive 

C(Rfc)  -  Negative 

Emulsion;  Kodak  Nuclear  Track  Plate 

NTB  Exposure  10  days  at  4°C 

When  Figure  2b  and  Figure  3  are  compared,  the  distinct 
change  in  the  density  of  the  area  under  the  positively  biased  resistor  Rj 
can  be  easily  seen.  Since  there  was  no  appreciable  change  in  the 
measured  radioactivity  of  the  test  specimen  before  and  after  the  first 
exposure  to  the  NTB  plate  (step  10),  the  density  change  seen  here 
should  be  due  entirely  to  the  biasing  of  the  resistors.  Since  the 
photographic  registration  in  the  emulsion  is  due  to  the  radiation  from 
the  radioactive  'sodium  ion  (or  atom,  whichever  it  may  be  )  the  change 
of  the  density  between  Figure  2b  and  Figure  3  is  due  to  the  re¬ 
distribution  of  the  radioactive  sodium.  Thus  the  visual  evidence  is 
established  that  the  redistribution  of  the  sodium  occurs  in  or  on  the 
insulating  glass  substrate  (such  as  7059  glass)  under  the  influence  of 
an  electrical  field.  Further  comparison  of  these  two  figures  yields 
the  following  facts. 


-  Figure  2  - 


a.  The  density  of  the  area  between  two  resistors 
and  Rj  is  rather  uniform. 


a.  The  area  under  the  inner  resistor  Rj,  which 
has  been  biased  positively,  reduced  its 
density  greatly, 

b.  The  area  under  the  outer  resistor  R2, 
which  has  been  negatively  biased,  did  not 
reduce  its  density, 

c.  The  width  of  both  the  lower  density  region 
under  Rj  and  the  higher  density  region  under 
R,  increased  when  compared  with  the  width 
of  the  corresponding  region  in  Figure  2b, 

d.  It  appears  that  the  width  of  the  lower  density 
region  under  Rx  extended  both  sides  of  the  R1 
width,  while  the  width  of  the  high  density 
region  under  R2  extended  towards  the  Rj 
direction. 

e.  The  surroundings  of  both  terminals  (A,  B) 

of  the  inner  resistor  Rj,  which  were  positively 
biased,  are  reduced  in  density,  while  there 
appears  to  be  no  appreciable  change  in  the 
surroundings  of  both  terminals  of  R2,  which 
were  biased  negatively,  (Terminals  B  and  C 
are  not  shown  in  this  figure. ) 

From  these  facts  it  is  evident  that  under  the  influence  of  the 
electrical  field,  radioactive  sodium  wag  repelled  further  from  the 
higher  positive  potential  region.  However,  it  is  difficult  to  make  a 
precise  analysis  from  these  autoradiograms  alone  of  the  change  in 
spacial  distribution  of  density,  without  aligning  the  autoradiogram 
with  the  test  pattern  from  which  these  autoradiograms  are  made.  It  is, 
however,  not  always  a  simple  task,  though  not  impossible,  to  align 
exactly  the  autoradiogram  and  the  original  test  patterns,  9,10 
particularly  when  the  size  of  the  original  test  pattern  is  very  small. 

Figure  4  shows  another  autoradiogram  of  the  same  portion  of 
the  test  pattern,  as  that  shown  in  Figures  2b  and  3  which  was  made 
after  the  second  autoradiogram.  •  This  autoradiogram  was  obtained 
using  an  emulsion  layer  stripped  from  a  Kodak  AR10  stripping  plate, 
and  was  applied  to  the  sample  as  per  instructions  provided  in  the 
stripping  plate  package.  The  stripped  emulsion  layer  was  exposed  to 
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the  specimen  for  two  weeks  in  a  light-tight  box  at  4°C  and  was 
processed,  as  outlined  in  ref.  8,  with  the  emulsion  layer  in  permanent 
contact  with  the  specimen,  so  that  the  final  autoradiograph  is  in 
perfect  register  with  the  same  specimen.  There  was  no  decrease  in 
measured  activity  ( step  16)  after  the  second  autoradiogram  was  taken, 
so  that  die  test  pattern  still  retains  the  same  distribution  and  the 
same  amount  of  radioactive  sodium.  Therefore,  the  photograph  in 
Figure  4  may  be  easily  correlated  to  that  of  Figure  3.  However, 

Figure  4  is  the  photograph  of  the  final  autoradiogram,  wh’c.h  was 
viewed  with  the  specimen  using  transmitted  light.  Thus,  this 
photograph  represents  the  composite  of  two  photographs,  one  of  which 
is  the  photograph  of  the  test  specimen  itself,  the  other  being  that  of  the 
autoradiogram  produced  by  the  distributed  radioactive  sodium  on  the 
surface  of  the  test  specimen.  The  special  distribution  of  the  radio¬ 
active  sodium  with  regard  to  the  resistors,  terminals,  etc. ,  can 
easily  be  3tudied  by  examining  the  distribution  of  the  density  in  these 
pictures.  Also,  by  comparing  Figure  4  with  the  photographs 
previously  examined,  more  detailed  information  can  be  obtained 
concerning  this  motion  of  radioactive  sodium  on  a  glass  substrate. 
Furthermore,  with  the  aid  of  densitometer,  the  quantitative  treatment 
of  the  subject  appears  possible.  When  Figure  4  is  compared  with 
Figures  2  and  3  the  following  observations  can  be  made. 


Figure  4 

Stripping  Film  Autoradiograph  of  the  Biased  Specimen 

<XU3) 

Emulsion:  Kodak  Stripping  Plate  AR-iO 
Exposure:  two  weeks  at  4°C 
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a.  Areas  of  depletion  of  density  developed  along 
both  sides  of  the  positively  biased  resistor  Rj 
and  the  area  surrounding  terminals  A  of  Rj* 

b.  The  width  of  the  depleted  area  on  both  sides  of 
Rl  and  the  area  surrounding  terminals  A  and  B 
is  practically  the  same. 

c.  The  width  of  the  area  o^'increased  density  along 
the  side  of  R2  facing  Rj_  can  be  measured. 

d.  A  very  high  density  area  appears  in  the  space 
between  terminal  A  and  resistor  Rj.  Between 
this  high-density  region,  and  terminal  A  and 
resistor  Rj,  there  exists  a  narrow  hut 
distinctly  highlighted  boundary.  Toward  the 
open  end  of  this  space,  the  densely  grained 
ribbon  narrows  in  width  somewhat  abruptly, 
forming  an  acute  angle.  This  angle  does  not 
reduce,  however,  to  its  vertex,  but  bleeds 
off  in  a  curved  path  around  the  corner  of 
terminal  A,  i.  e.,  curved  away  from  resistor 
Rj.  The  radius  of  this  curve  is  such  that 
any  point  on  the  bend  remains  approximately 
equidistant  from  resistor  R|  and  terminal  A. 

This  high-density  line  (bend)  forming  the 
curve  decreases  in  intensity  and  fades  into 
the  depleted  area.  This  indicates  that  sodium 

on  a  glass  substrate  is  repelled  strongly  by  , 

the  positive  bias.  ,  >' 

From  these  observations  it  is  obvious  that  sodium  on  a  glass  substrate 
does  migrate  under  the  influence  of  an  electrical  field,  and  the 
direction  of  the  migration  is  the  same  as  that  of  the  electrical  field. 

It  is  apparent  that  sodium  does  become  positively  ionized.  However, 
such  sodium  ions  appear  to  be  more  strongly  influenced  by  a  positive 
bias.  It  appears  to  be  possible  to  obtain  by  this  technique  much  useful 
quantitative  data,  such  as  depletion  rate,  activation  energy  for 
migration,  etc.  As  can  be  seen  in  Figure  4,  the  grain  size  is  small 
enough  to  enable  the  study  of  sodium  migration  in  much  shorter 
distances,  perhaps  as  short  as  one-eighth  the  separation  of  R^  and  R2. 
Since  the  actual  distance  between  Rj  and  R2  is  Z  mils,  with  this 
technique  one  may  be  able  to  study  ion  migration  in  one-quarter  of  a 
mil.  Furthermore,  one  may  be  able  to  study  ion  migration  in  much 
shorter  distances,  probably  in  the  order  of  one-tenth  of  the  present 
practical  limits  of  1/4  mil,  by  use  of  finer-grain  emulsion,  such  as 
NTE  (Kodak)  in  conjunction  with  the  electron  microscope. 11 
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The  migration  of  many  other  isotopes  can  be  studied  with 
this  technique.  And  many  isotopes  are  available  now  in  a  carrier- 
free  state,  or  having  very  high  specific  activity.  The  amounts  of 
total  isotopes  (stable  and  active)  associated  with  the  minimum  amount 
of  radioactive  isotope  which  are  required  to  produce  meaningful 
autoradiograms  can  be  extremely  minute.  Since  the  chemical  and 
physical  properties  of  radioactive  isotopes  and  stable  isotopes  can 
be  considered  identical  (except  isotopes  of  the  elements  of  low 
atomic  numbers),  the  behavior  of  the  former  represents  that  of  the 
latter.  Thus,  the  results  obtained  in  this  work  can  be  considered 
as  that  of  ordinary  sodium. 


Conclusions 

Autoradiographic  techniques  are  used  to  study  lateral 
migration  of  sodium  in  insulating  glass  substrate  for  microcircuits. 
NTB  plate  and  AR10  strapping  film  can  be  used  for  this  purpose. 

In  this  work  the  visual  evidence  has  been  established  that  sodium  does 
in  fact  move  laterally  in  insulating  glass  substrate  under  the  influence 
of  an  electrical  field  in  certain  ambient  conditions.  The  direction 
of  migration  of  sodium  is  the  same  a3  that  of  the  electrical  field 
as  is  to  be  expected.  Use  of  stripping  film  technique,  which  involves 
processing  emulsion  in  permanent  contact  with  the  sample,  provides 
an  excellent  basal  index  of  measurement.  Because  of  the  high 
resolution  obtainable,  and  the  inherent  high  sensitivity  of  detection,  • 
this  technique  should  prove  useful  in  allied  fields  as  well  as  with  the 
problem  presently,  under  study. 

For  the  systematic  study  of  ion  migration  phenomena  in 
insulating  substrates  work  is  underway  using  radioactive  sodium 
prediffused  material  as  the  substrates. 
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SECTION  VI 

MINUTEMAN  II  CQAP 
PROGRAM 


OPEHIIO  REMARKS 


MIRUTEMAR  II,  PHYSICS  OF  FAILURE  PROGRAM 
J.  F.  Wicsner,  Capt . ,  USAF 


The  "Component  Quality  Assurance  Program"  (CQAP)  was  part 
of  contract  AFQ4(694)-247  between  Ballistic  System  Division  of  the 
United  States  Air  Force  and  Autonetics  Division  of  North  American 
Aviation  Inc,,  and  was  directed  towards  improving  the  reliability  of 
the  Minuteman  II  weapon  system.  The  reliability  of  the  Minuteman  I 
weapon  system  was  achieved  via  life  testing  components,  tight  process 
controls  and  extremely  rigid  failure  analysis.  In  order  to  reach  the 
failure  rate  goals  established  for  Minuteman  II,  it  was  quickly  realized 
that  life  testing  was  impractical  because  of  the  extremely  large  sample 
sizes  that  would  be  required  to  get  statistically  significant  data  within 
a  reasonable  time.  Tight  process  controls  and  rigid  failure  analysis 
was  continued  in  the  Minuteman  II  reliability  program.  The  solution  to 
the  reliability  problem  then  was  the  "Component  Quality  Assurance 
Program"  which  was  carried  out  by  various  component  manufacturers. 
By  applying  various  step  stresses  such  as  temperature,  voltage,  heat, 
vibration,  etc. ,  it  was  possible  for  the  manufacturers  to  uncover  weak 
links  in  the  device  construction  or  fabrication  techniques  and  to  apply 
corrective  actions  in  the  form  of  design,  material  or  process  changes. 
If  the  corrective  action  resulted  in  the  ability  of  the  device  to  withstand 
the  stress  it  had  previously  failed,  it  was  assumed  that  its  inherent 
reliability  was  improved.  It  was  also  evident  that  a  basic  approach 
was  needed  to  identify  the  causes  and  mechanisms  underlying  the 
failures  that  were  uncovered  by  the  application  of  these  step  stresses. 
The  Physics  of  Failure  Program  was  just  such  an  approach  and  com¬ 
plemented  the  CQAP  effort. 
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Figure  1  illustrates  the  organization  of  the  CQAP  Physics  of 
Failure  Program  showing  how  it  was  controlled  by  Ballistic  Systems 
Division  of  the  United  States  Air  Force.  Rome  Air  Development 
Center  (RADC)  was  asked  to  provide  technical  direction  to  the  program 
because  of  their  reliability  experience  with  electronic  components  and 
their  technical  direction  would  not  cause  any  proprietary  problems. 

One  of  the  major  obstacles  that  had  to  be  overcome  in  this  program 
was  the  management  problem  associated  with  scientific  work  and  its 
direction  towards  a  specific  goal.  The  results  of  this  program  indi¬ 
cate  that  this  obstacle  was  successfully  overcome  and  that  the  efforts 
were  instrumental  in  improving  the  reliability  of  the  Minuteman  II 
weapon  system. 
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Figure  1.  WS  133B  Physics  of  Failure/Component 
Reliability  Program 

The  devices  that  were  to  be  investigated  by  CQAP  and  the  Physics 
of  Failure  Program  were  selected  on  the  basis  of  their  projected  impact 
on  Minuteman  U  reliability.  Figure  2  series  illustrates  the  kind  of 
chart  used  to  compare  the  various  devices,  their  failure  modes  and 
their  impact  on  Minuteman  II  reliability.  All  numerical  references  on 
this  chart  are  not  actual  values  but  do  serve  to  demonstrate  the  method 
used.  Figure  3  serves  to  illustrate  the  kind  of  chart  used  to  determine 
a  suitable  grouping  of  failure  modes  into  suitable  Physics  of  Failure 
investigatory  areas.  Tens  of  thousands  of  parts  from  the  various  CQAP 
component  manufacturers  together  with  small  quantities  of  unstressed 
Minuteman  II  parts  from  system  failures  were  made  available  to  the 
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Physics  of  Failure  Program.  Figure  4  illustrates  the  phased  technical 
approach  used  in  the  program  while  exploring  the  areas  illustrated  in 
Figure  3.  A  wide  variety  of  sophisticated  instrumental  analytical  equip¬ 
ment  such  as  the  electron  beam  microprobe,  mass  spectrograph,  gas 
chromatograph,  etc.,  was  used  to  characterize  abnormalities  in  the 
electronic  devices  of  interest.  All  the  abnormalities  noted  did  not  lend 
themselves  to  the  complete  phased  approach  illustrated  in  Figure  4. 

As  a  result  the  methodology  illustrated  in  Figure  5  evolved.  In  the  left 
hand  column  it  may  be  seen  that  an  initial  Physics  of  Failure  payoff 
results  because  corrective  action  by  the  manufacturers  can  occur  at 
this  point  for  mechanisms  that  are  obviously  going  to  cause  a  failure. 

The  second  payoff  can  be  demonstrated  by  the  middle  column  which 
represents  those  abnormalities  which  can  be  shown  to  be  associated 
with  a  failure  mode  in  a  reasonable  time  such  as  within  the  study  period 
associated  with  Minuteman  IL  The  information  in  the  right-hand  column 
can  result  in  a  third  payoff  by  being  of  use  to  future  programs  concerned 
with  new  types  of  devices  that  may  have  sensitivity  to  these  abnormalities 
in  failure  modes. 


Figure  2.  Systems  Impact  vs  Failure  Modes 
for  Minuteman  CQAP  Devices 
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FAZUntZ  MO  DCS 


Figure  3*  Failure  Modes  as  Related  to  Technical  Areas 


PHASE  I  CHARACTERIZATION  OF  ABNORMALITIES 

PHASE  1 1  POSTULATION  OF  MECHANISMS 

PHASE  1 1 1  VERIFICATION  OF  MECHANISMS 

PHASE  IV  ^  DETERMINATION  OF  REACTION  KINETICS 
PHASE  V  ASSESSMENT  OF  INTERACTIONS 

PHASE  VI  VERIFICATION  OF  INTERACTIONS 

Figure  4.  Technical  Approach 
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CHART  I 
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Figure  5.  Types  of  Abnormalities  Investigated 

With  the  increase  in  performance  requirements,  yield  and  relia¬ 
bility  envisioned  for  the  future  there  must  be  an  accompanying  increase 
in  sophistication  in  reliability  techniques.  This  can  come  about  only  by 
achieving  an  understanding  of  the  materials  -  structures  and  electronic 
properties  of  electronic  devices  on  an  atomic  and  molecular  level.  This 
is  modern  reliability  which  can  become  a  reality  via  joint  efforts 
between  manufacturers,  system  builders  and  the  United  States  Air  Force. 

The  following  papers  represent  highlights  of  the  Physics  of  Failure 
Program  directed  towards  improving  the  reliability  of  the  electronic 
components  used  in  the  Minuteman  II  weapon  system.  Although  this 
program  was  directed  at  specific  components  and  was  designed  to 
respond  to  the  reliability  needs  of  Minuteman  n,  it  did  produce  informa¬ 
tion  of  use  to  the  electronic  components  industry  in  general. 
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FAILURE  MECHANISMS  ASSOCIATED  WITH 
THERMOCOMPRESSION  BONDS  IN 
INTEGRATED  CIRCUITS 

G.  V.  Browning,  L.  E.  Colteryahn,  and  D.  G.  Cummings 

Autonetics,  A  Division  of  North  American  Aviation,  Inc., 
Anaheim,  California 

I.  INTRODUCTION 

About  a  year  ago,  Autonetics  encountered  a  problem  with  gold- 
aluminum  thermocompression  bonds  between  gold  wire  and  aluminum 
metalization  on  SiOx- silicon  dice  in  integrated  circuit  devices 
(Figure  1),  A  tendency  for  bonds  to  become  electrically  open  was  the 
apparent  problem  encountered.  The  open  condition  was  observed  to  be 
permanent  in  some  devices  and  intermittent  in  others.  As  part  of  the 
Minuteman  II  Physics  of  Failure  Program,  an  investigation  was  under¬ 
taken  to  understand  the  cause  of  such  failures  and  then  to  propose  suit¬ 
able  corrective  action  to  increase  component  reliability. 

Complete  electrically  open  bonds  were  not  difficult  to  recognize 
since  a  slight  lift  on  the  gold  wire  or  prodding  of  the  bond  on  opened 
devices  permitted  observation  of  bonds  detached  from  the  bonding  pad 
(Figure  2),  Intermittent  behavior,  however,  was  not  recognized  until 
it  w*s- observed  that  some  open  bonds  closed  when  a  static  charge 
accumulated  on  the  case  of  the  device.  Following  this  tenuous  lead 
further,  intermittent  behavior  was  observed  to  occur  rather  frequently, 
was  established  to  be  dependent  upon  voltage  impressed  during  elec¬ 
trical  testing,  was  influenced  by  teBt  temperature,  and  showed  some 
time  dependency.  Some  bonds  could  be  made  to  behave  intermittently 
almost  at  will,  thus  virtually  making  them  act  as  a  mechanical  on-off 
switch. 

In  spite  of  the  ability  to  induce  intermittent  behavior  readily,  the 
susceptibility  of  good  (electrically  closed)  bonds  to  become  open  or 
intermittent  could  not  be  predicted  from  electrical  test  data.  Slowly 
increasing  the  applied  voltage  to  a  fully  rated  value  and  above,  did  not 
yield  evidence  that  showed  any  correlation  with  subsequent  behavior. 
Because  electrical  tests  were  not  discriminatory,  a  decision  was  made 
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Figure  2 


Open  Thermocompression  Bond  —  750X 


to  conduct  a  physics  of  failure  type  investigation  of  both  good  and  bad 
bonds  in  the  same  device  as  well  as  in  different  devices  to  determine, 
if  possible,  the  cause  of  failure. 


II.  MATERIALS  AND  EXPERIMENTAL  PROCEDURES 


Integrated  circuit  electronic  devices  from  the  Minuteman  II  pro¬ 
gram  provided  the  bulk  of  specimens  examined  in  this  investigation. 
Some  high-power  switches  from  Minuteman  II,  and  a  few  transistor 
devices  from  Minuteman  I  were  also  included  in  the  metallurgical 
examination.  The  examination  of  production  devices  was  supplemented 
by  an  extensive  examination  of  Au-Al  TC  bonds  made  in  Autonetics 
MfcP  Laboratories  so  as  to  simulate  processes  and  tests  used  in  device 
manufacture. 

Standard  metallographic  preparation  procedures  were  used  to 
polish  bonds  in  cross-section  (Figures  3  and  4).  Normally  employed 
and  special  etching  techniques  were  used  in  order  to  reveal  the  micro¬ 
structure  of  the  intermetallic  bond.  Photomicrographs  were  made  with 
Polaroid  film,  both  black  and  white  and  in  color.  Subsequently,  other 
techniques  were  used  to  clarify  results  obtained  metallographically. 
Several  Au-Al  alloy  compositions  were  made  by  vacuum  fusion  to  pro¬ 
vide  "standard"  materials  needed  for  phase  identification.  X-ray  dif¬ 
fraction  and  electron  beam  microprobe  techniques  were  used  to 
determine  as  rigorously  as  possible  the  composition  of  the  various 
microconstituents  observed  in  the  "standard"  vacuum  fusion  alloys  as 
well  as  those  in  the  intermetallic  band. 


Figure  3 

Open  Thermocompre usion  Bonds  —  200X 
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Figure  4 

Residue  From  Thermocompression  Bond  -  1000X 


IU.  RESULTS  AND  DISCUSSION 

A  summary  of  device  processing  history  is  provided  in  Table  1. 
With  the  exception  of  device  burn-in  procedure,  the  material  and  pro¬ 
cessing  variables  were  exhaustively  investigated  in  laboratory 
experiments. 

The  metallurgical  work  clearly  showed  quite  early  in  the  investiga¬ 
tion  that  TC  bond  failures  were  in  all  probability  associated  with  a  band 
of  intermetallic  compounds.  Until  a  suitable  etching  reagent  to  deline¬ 
ate  the  various  constituents  was  found  during  this  investigation,  the 
constitution  of  the  bond  was  imagined  to  be  a  single-phased  aluminum- 
rich  region  (Figure  5).  Etching  with  various  aluminum  etching 
reagents,  however,  did  not  attack  the  band.  This  lack  of  etching 
suggested  that  the  intermetallic  band  was  probably  composed  of  gold- 
rich  phases.  Furthermore,  thorough  microscopic  examination  of  open 
and  intermittently  open  bonds  showed  that  a  crack,  void,  or  discontinuity 
of  some  kind  was  visible  at  the  outer  edges.  There  was  some  micro¬ 
scopic  evidence  that  a  discontinuity  was  entering  the  intermetallic  band 
near  mid-thickness  rather  than  along  the  interface  between  the  band  and 
the  unaffected  gold  mass. 

The  observed  location  of  the  discontinuity  was  additional  indication 
that  the  band  was  of  multiphase  structure.  A  suitable  etching  reagent 
was  needed  to  define  the  new  structure.  On  the  hypothesis  that  the  band 
was  composed  of  gold-rich  (differentiating  on  the  basis  of  atom  percent 
Au)  constituents,  specifically  the  intermetallic  compounds  Au^Al  and 
Aug  A 1  ^ »  several  reagents  used  for  gold  and  gold  alloys  were  tried. 


431 


TC  Bonding  Considerations 
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Figure  5 

Polished  Cross-Section  of  TC  Bonds  -  Unetched 

Based  on  knowledge  at  Autonetics  and  its  suppliers,  extensive  examination 
of  this  structure  was  carried  out  for  the  first  time  (Figures  6  and  7).  The 
condition  was  observed  in  all  bonds,  to  more  or  less  the  same  degree,  in 
a  device  and  subsequently  was  found  to  be  a  general  condition  in  all  devices 
regardless  of  small  differences  in  manufacturing  techniques.  Between  500 
and  1000  bonds  were  cross- sectioned,  polished,  etched,  and  examined  to 
establish  the  generality  of  the  observed  multiphase  condition  of  the  inter- 
metallic  band.  The  universality  of  the  multiphase  condition  indicated 
tliat  the  real  crux  of  the  bond  failure  problem  was  the  nature  of  the  metal¬ 
lurgy  of  the  gold-aluminum  system  (Figure  8'-.  Further  insight  into  the 
problem  depended  upon  identification  of  the  phases  observed  and  a  knowl¬ 
edge  of  the  kinetics  of  the  reactions  leading  to  their  formation. 

Alloys  synthesized  to  produce  the  various  intermetallic  compounds 
represented  in  the  gold-aluminum  phase  diagram  were  identified  for 
structure  by  x-ray  diffraction  techniques.  Electron  beam  microprobe 
emission  characteristics  of  the  intermetallic  compounds  were  also 
established  with  specimens  from  these  "standard"  alloys.  Microprobe 
emission  patterns  obtained  by  scanning  the  standard  alloys  were  com¬ 
pared  with  those  obtained  by  scanning  polished  cross-sections  of  TC 
bands.  In  this  manner,  the  identity  of  the  various  phases  constituting 
the  intermetallic  band  was  deduced  withir  the  limits  of'  accuracy  of 
resolution  of  the  microprobe.  This  work  confirmed  the  presence  of 
the  previously  predicted  Au^A  1  and  AugA^  intermetallic  compounds  in 
the  band  and  also  the  compound  Au£Al.  It  is  interesting  to  note  that 
very  little,  if  any,  evidence  was  found  for  the  compounds  AuAl,  AuA  1 
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Figure  6 

Polished  Cross-Section  of  TC  Bonds  -  Etched 


Figure  7 

Thermocompression  Bond,  Etched  —  750X 


(commonly  known  sis  "purple  plague"  among  oevme  manufacturers 
and  users),  or  unreacted  aluminum.  This  does  not  imply  that  AuAl, 
AuAU,  or  unreacted  A1  are  not  present  but  simply  that,  if  present, 
they  are  beyond  the  resolution  capability  of  the  electron  beam  of  the 
microprobe  apparatus.  Furthermore,  no  detectable  amount  of  Si  was 
found  in  any  of  the  bonds  scanned  with  the  microprobe. 
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Figure  3 

Gold -Aluminum  Equilibrium  Diagram 


Another  condition  that  was  apparently  unrelated  to  intermetallic 
formation  and  bond  failure  wag  observed  in  many  devices:  A  blackening 
of  the  aluminum  bonding  pad  and  conductor  stripe  near  the  TC  bond 
(Figure  9).  This  condition  could  be  reproduced  in  the  laboratory  by 
holding  a  device  at  an  elevated  temperature  (laboratory  experiments 
were  conducted  at  temperatures  of  400  C  to  500  C  for  several  hours). 
The  blackening  was  found  to  be  caused  by  gold  diffusing  outward  troixi 
the  TC  bond,  reacting  with  aluminum  to  form  intermetallic  compounds, 
the  tame  as  observed  in  the  bond,  which  caused  a  very  uneven  or 
jagged  surface  condition  that  randomly  dispersed  incident  light.  A 
unique  feature  of  this  migration  or  diffusion  of  gold  was  that  the  leading 
edge  of  the  black  area  showed  visible  evidence  of  AuAl£  in  polished 
cross-sections  (Figure  10).  The  significance  of  gold  diffusion,  away 
from  the  TC  bond,  lies  in  the  fact  that  a  mechanism  is  provided  that 
explains  the  enlargement  of  cracks  and  voids  around  the  periphery  of 
the  bond  (Figure  11).  A  microcrack  is  thought  to  exist  around  the 
periphery  because  during  the  lust  few  microseconds  of  the  bonding 
operation,  insufficient  interdiffusion  of  gold  and  aluminum  occurs  for 
a  metallurgical  bond  to  obtain.  The  original  microcrack  becomes 
enlarged  because  of  a  large  difference  in  diffusion  rates  of  the  two 
atom  species;  thus,  it  is  an  example  of  the  Kirkendall  effect. 

With  the  information  obtained  from  extensive  metallographic 
examination  of  polished  and  etched  bond  cross-sections,  phase  identi¬ 
fication,  and  gold  diffusion  away  from  the  TC  bond,  a  failure  mecha¬ 
nism  can  be  postulated.  TC  bonds  are  most  assuredly  the  result  of  a 
diffusion- controlled  reaction  between  the  bonding  wire  and  the  bonding 
pad  metalization.  TC  bonding  of  gold  wire  to  aluminum  pads,  of 
course,  is  no  exception,  and  the  bonding  operation  is  one  of  gold- 
aluminum  interdiffusion.  C-old  diffusion  continues  even  after  the 
aluminum  beneath  the  bond  is  consumed.  Evidence  of  continued  gold 
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Figure  9 

Time-Lapse  Photograph  Showing  Surface  Migration 
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Figure  10 


Diffusion  of  Gold  From  TO  Bond  Along  Aluminum  Conductor  Strip 
at  About  400  C  for  647  Hours,  Unetched  -  1500X 

diffusion  was  obtained  from  cross-sections  of  TC  bonds  having  been 
held  at  the  bonding  temperature  for  times  from  1  to  30  minutes 
Figure  (12).  The  intermetallic  band  was  observed  to  grow  until  it 
reached  its  maximum  thickness  in  5  to  7  minutes.  Further  holding 
caused  the  onset  and  growth  of  a  second  phase  next  to  the  gold  ball  with 
no  further  increase  in  band  thickness;  thus,  gold  is  believed  to  be 
diffusing  into  the  original  phase  to  cause  a  transformation  to  occur 
(Figure  13).  Meanwhile,  aluminum  atoms  are  still  available  around 
the  periphery  of  the  gold  ball  from  the  bonding  pad  and  the  conducting 
stripe.  This  source  of  A1  serves  to  retain  the  original  phase  only 
around  the  inside  edge  of  the  gold  ball.  Thus,  we  can  postulate  that 
all  of  the  gold-aluminum  phases  form  and  are  present  ..uring  the  first 
stages  of  the  bonding  process.  Further  diffusion  of  gold  atoms  into 
the  intermetallic  band  will  transform  the  aluminum-rich  phases  pro¬ 
gressively  to  more  gold-rich  phases.  The  rates  of  formation  of  the 
various  phases  and  the  relative  amounts  of  each  at  any  point  in  this 
process  of  phase  growth  and  transformation  will  depend  upon  the  dif¬ 
fusion  coefficient  of  gold  and  aluminum  in  the  phases  and  the  stability 
of  each.  Thermodynamic  and  metallurgical  considerations  require 
that  a  diffusion  couple  in  a  two  component  system  consist  of  a  set  of 
single-phase  layers  occurring  in  a  sequence  corresponding  to  their 
location  in  the  appropriate  phase  diagram.  The  single-phase  regions 
in  the  gold-aluminum  system  are  aluminum  (solid  solution  of  gold  in 
aluminum),  AuAl^.  AuAl,  Au^Al,  AugA^,  AU4AI,  and  gold  (solid 
solution  of  aluminum  in  gold).  As  soon  as  the  aluminum  beneath  the 
bond  is  consumed,  the  processes  are  gold  diffusion  controlled 
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Figure  1 1 


Open  TC  Bond  Due  to  Annular  Crack  —  250  C  for  -120  Hours 


(except  for  the  edge  of  the  bond  where  a  source  of  aluminum  still 
exists),  and  the  transformation  equations  are  as  follows: 

2A1  (Au  s.  s.  )  +  Au  ci  AuAi^  (AH^j 
AuA12  +  Au  ~  2AuAl  (AH^) 

AuAl  +  Au  Au^Al  (AH^) 
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Figure  12 

Bond  Made  in  Laboratory  After  6  MinuteB  at  300  C  — 


Figure  13 

Bond  Made  in  Laboratory  After  21  Minutes  at  300  C 


1770X 


1770X 
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2Au^A1  +  Au  sr  AUgAl^  (AH^) 

Au,Al,  4-  3Au  ~ 2AuAl  (AH  ) 

5  2  4  5 

Au.Al  +  nAuZT  Au(Al  s.  s.  )  (AH,) 

4  b 

The  relative  amounts  of  each  phase  will  depend  on  the  values  (and  sign) 
of  AH,  to  some  extent  on  the  stoichiometry  of  the  transformation,  and 
on  the  rate  of  diffusion  of  gold  through  the  preceding  phases.  It  is 
known  that  one  reaction  -  gold  and  aluminum  to  form  probably  AuAl^  - 
is  highly  exothermic,  but  the  relative  values  of  the  -  AF  (free  energy 
heat  of  formation)  of  each  of  the  intermetallics  are  unknown.  The 
-  AF's  may  probably,  of  course,  change  in  different  manners  with 
temperature,  and  it  is  this  fact  that  would  account  for  the  various  com¬ 
binations  and  relative  amounts  of  the  several  intermetallics  observed  in 
bonds  made  at  different  temperatures  and  subjected  to  a  wide  variety  of 
heair  treatment  a.  This  transformation  is  accompanied  by  appropriate 
changes  in  crystallographic  structure  by  rearrangement  of  atom  posi¬ 
tions  and  the  formation  of  phase  interfaces.  It  is  not  improbable  that 
the  crystallographic  mismatch  between  two  adjacent  phases  is  so  great 
that  the  resulting  phase  interface  is  quite  highly  strained. (Figure  14). 
Furthermore,  the  various  mechanical  and  physical  properties  will  be 
different.  The  most  important  of  these  properties,  insofar  as  devices 
are  concerned,  are  relative  density  and  relative  expansion.  Both  can 
cause  additional  stresses  to  be  superposed  on  the  weak  interface.  The 
induced  stresses  can  initiate  and  propagate  fracture  to  complete  fail¬ 
ure.  This  is  presumed  to  cause  bonds  to  become  completely  open  by 
detachment. 


SCHEMATIC  REPRESENTATION  OF  STRAIN 
LINES  INDUCED  BY  VOLUMETRIC  CHANGES 
DUE  TO  PHASE  FORMATION 


Figure  14, 


Strain  Lines  Induced  by  Volumetric  Changes  Due  to  Phase  Formation 
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The  mechanism  whereby  a  bond  becomes  open  or  intermittent  in 
electrical  behavior  but'  mechanical  integrity  is  retained  has  already 
been  described  —  the  diffusion  of  gold  from  the  bond  to  form  or  enlarge 
cracks  or  voids.  When  a  void  extends  from  the  outer  periphery  of  the 
bond  inward  and  downward  to  the  SiOx  film  on  the  silicon  die,  electrical 
isolation  from  the  conductor  stripe  and  the  active  region  will  occur 
(Figure  15).  If  the  void  gap  is  small,  thermal  fluctuations  could  cause 
intermittent  contact  to  be  made. 


Figure  15. 

Typical  TC  Bond  Configurations  for  Transistors 
(Top)  and ICs 
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Another  facet  of  this  investigation  was  to  explain  the  difference  in 
failure  rate  between  Au-Al  bonds  over  silicon  in  discrete  devices  used 
for  Minuteman  I  Program  and  bonds  of  integrated  circuits.  Two  plau¬ 
sible  explanations  are  offered.  One  concerns  the  difference  in  the  size 
of  the  wire  used  and  the  bond  formed.  In  discrete  devices,  especially 
power  transistors  and  switches,  up  to  5-mil  diameter  wire  was  gen¬ 
erally  used.  The  diameter  of  the  resulting  bond  was  about  5-  to 
15-mil  diameter  or  four  to  five  times  that  of  bonds  on  integrated  cir¬ 
cuits  (1-mil  diameter  forming  a  3-  to  4-mil  diameter  bond).  The 
greater  mass  of  the  bonds  in  discrete  devices  combined  with  their 
larger  contact  area  could  cause  a  greater  heat-sink  effect  and  some¬ 
what  lower  temperature  during  bonding  even  though  stage  and  capillary 
temperatures  of  the  bonder  were  exactly  the  same.  The  second 
explanation  of  the  superior  behavior  in  discrete  devices  in  reality  con¬ 
cerns  the  design  of  the  interconnections.  In  discrete  components,  the 
bonds  are  made  to  aluminum  evaporated  directly  over  silicon.  Thus, 
the  electrical  path  follows  along  a  line  from  silicon  die  directly  into 
the  bond  through  the  intermetallic  band  and  along  the  wire.  In  IC's, 
however,  bonding  directly  over  active  areas  was  abandoned  in  favor  of 
the  expanded  contact  concept;  the  bond  is  remote  from  the  active  area, 
and  electrical  continuity  is  provided  by  the  evaporated  A1  stripe.  The 
manner  in  which  gold  migrates  along  the  conductor  stripe  causing  an 
isolating  void  to  form  around  the  periphery  of  the  bond  has  already 
been  noted.  Gold  diffusion  away  from  the  bond  could  occur  in  discrete 
devices,  but  this  mechanism  would  not  cause  electrical  opens  inas¬ 
much  as  the  bonds  make  direct  ohmic  contact  with  the  silicon.  The 
expanded  contact  is  an  example  of  designing  a  favorable  condition  for 
failure  into  devices  because  of  a  lack  of  awareness  of  the  vital  role 
materials  of  construction  can  have. 

Examination  of  TC  bonds  that  have  failed  in  discrete  devices  has 
shown:  (1)  open  bonds  are  generally  completely  detached;  (2)  the  com¬ 
plete  gold-aluminum  phase  diagram  has  been  observed  in  quite  a  few 
devices,  and  (3)  the  same  failure  mechanism  is  equally  applicable  to 
bond  failures  in  discrete  devices  as  well  as  those  in  IC's.  Electron 
microprobe  scanning  of  the  surface  remnants  of  deta  hed  bonds  in 
several  transistors  showed  that  fracture  was  associated  with  the  gold- 
rich  phases  as  previously  described.  This  was  also  found  to  be  true 
of  small  tension  test  specimens  prepared  from  a  diffusion  couple; 
fracture  was  observed  to  occur  in  the  gold-rich  region. 

The  postulated  failure  mechanism  appears  valid  for  other  metal 
combinations  in  addition  to  gold  and  aluminum.  For  instance,  one  type 
Minuteman  II  transistor  vss  observed  to  have  failed  in  the  braze- 
ment  joining  the  silicon  chip  to  the  copper  pedestal.  To  make  the  com¬ 
posite  of  materials  somewhat  more  compatible  with  silicon,  a  heavy 
film  of  molybdenum  was  evaporated  onto  the  surface  of  the  copper. 
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A  flash  of  nickel  was  then  applied  to  the  molybdenum  surface  for 
adherence  and  wettability.  A  gold-silicon  eutectic  brazing  alloy  was 
used  to  attach  the  silicon  die  to  the  pedestal.  The  location  of  the  fail¬ 
ure  was  along  the  interface  between  the  nickel  flash  and  the  eutectic 
brazing  alloy.  Metallographic  examination  indicated  an  almost  con¬ 
tinuous  line  of  voids  interconnected  by  the  fracture.  Electron  micro- 
probe  indicated  the  presence  of  a  nickel- silicon  intermetallic 
compound,  Ni3Si2-  The  depletion  of  a  thin  zone  in  the  eutectic  braze 
alloy  of  Si  atoms  without  replacement  by  Ni  atoms  caused  the  forma¬ 
tion  of  pores  and  voids  because  of  the  Kirkendall  effect.  This  failure 
is  another  example  of  a  design  deficiency  wherein  the  material  selec¬ 
tion  was  made  without  sufficient  evidence  that  the  combination  would 
be  metallurgically  compatible. 

Since  it  appears  that  the  Au-Al  system  under  such  conditions  is 
inherently  unreliable,  it  would  be  of  interest  to  discuss  what  the  manu¬ 
facturers  have  done  in  response  to  the  findings  discussed  above;  and 
further,  it  is  important  to  determine,  if  possible,  how  reliable  gold- 
aluminum  TC  bonds  are. 

An  obvious  solution  would  be  to  use  some  substitute  for  Al,  Au,  or 
both.  Elimination  of  aluminum  would  eliminate  all  of  the  advantages  of 
using  aluminum,  viz,  the  extremely  good  adherence  to  oxide  films,  itB 
ability  to  make  excellent  ohmic  contact  with  silicon,  chemical  inert¬ 
ness,  and  its  economic  advantages.  A  substitution  could  be  made  for 
the  gold  wire  as  has  been  done  by  one  manufacturer  who  uses  aluminum 
wire.  Not  only  is  there  some  difficulty  in  making  an  aluminum-to- 
aluminum  bond,  but  in  order  to  circumvent  transfer  of  the  problem 
area  from  the  die  to  gold  plated  Kovar  output  lead-throughs,  the  pro¬ 
tective  gold  plating  is  replaced  by  a  nickel-aluminum  film.  Evapora¬ 
tion  of  nickel  and  aluminum  is  a  two-step  process  and  requires  masking 
off  the  remainder  of  the  package  interior  so  that  only  the  Kovar  lead- 
throughs  are  coated.  A  simple  method  of  preventing  Au-Al  reaction  is 
the  evaporation  of  a  diffusion  barrier  metal  between  the  aluminum 
film  and  a  gold  film.  TC  bonding  is  then  made  gold-to-gold.  The 
potential  barrier  metals  obviously  must  be  selected  with  care  so  as  not 
to  create  combinations  just  as  reactive  as  the  Au-Al  combination. 
Several  barrier  metals  have  been  introduced  by  different  device  manu¬ 
facturers.  One  of  the  best  turns  out  to  be  molybdenum.  Palladium 
has  been  suggested  but  as  a  lead  replacement  rather  than  a  barrier 
material,  and  it  is  being  evaluated.  One  bond  made  with  platinum  gave 
indications  of  intermetallic  formation.  Metallographic  examination  of 
sample  devices  with  diffusion  barrier  layers  indicates  that  pinholes  in 
the  barrier  metal  and  film  overlap  may  be  the  most  serious  causes  of 
subsequent  failures.  This  defect  can  be  eliminated  by  proper  manu¬ 
facturing  controls. 
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Some  of  the  work  performed  at  Autonetics  indicates  that  a  short, 
high-temperature  treatment  of  Au-Al  bonds  may  promote  the  forma¬ 
tion  of  the  solid  solution  of  aluminum  in  gold.  Consideration  on  the 
lines  of  the  earlier  comments  on  the  driving  force  of  these  reactions 
might  be  a  useful  approach.  This  should  be  ideal  insofar  as  the 
metallurgy  of  the  TC  bond  is  concerned.  Some  risk  might  result, 
however,  from  gold  atoms  poisoning  the  junction  area  to  cause  later 
failure.  This  would  only  occur,  however,  if  the  gold  migrated  all 
along  the  aluminum  conductor  from  the  pad  to  the  ohmic  contact  point 
since  at  the  pad  area,  silicon  oxide  is  a  barrier  between  gold  and 
silicon. 


Inasmuch  as  Au-Al  TC  bond  failures  have  been  shown  to  be  time- 
temperature  sensitive,  one  naturally  is  concerned  about  meeting  the 
reliability  requirements  for  operational  equipment.  Knowing  the 
mechanism  of  failure  and  its  acceleration  by  high-temperature  treat¬ 
ments,  it  was  believed  that  data  obtained  at  elevated  temperatures 
could  be  extrapolated  with  reasonable  confidence  and  permit  projection 
of  a  failure  rate. 

For  the  purpose  of  reliability  projection,  TC  bonds  subjected  to 
different  processing  were  exposed  to  various  temperatures.  The  thermal 
processing  of  Group  I  devices  (bonds)  included  a  prebake  treatment  at 
425  C  in  dry  nitrogen  (-60  F  dew  point)  followed  by  a  stabilization 
treatment  at  200  C  for  96  hours.  Thermal  processing  of  Group  II 
devices  (bonds)  included  a  prebake  at  425  C  in  air  followed  by  a 
stabilization  treatment  at  150  C  for  120  hours. 

The  test  temperature-time  matrix  along  with  the  number  of  bonds 
exposed  at  each  temperature  and  the  test  results  are  shown  in  Table  2. 

A  temperature  as  near  as  possible  to  the  meximum  junction  operating 
temperature  anticipated  was  included  to  give  further  validity  to  the 
entire  investigation. 

The  method  used  to  measure  the  integrity  of  the  bonds  was  to 
observe  diode  breakdown  characteristics  of  each  bond  with  a  curve 
tracer  as  the  voltage  was  increased  stepwise  to  1.04  volts,  maximum, 
with  the  current  lim.ted  to  50  microamperes. 

A  statistical  analysis  of  the  test  data  for  Group  1  devices  at  275  C 
and  200  C  showed  that  the  failure  rate  was  indeed  exponential.  Extra¬ 
polation  of  this  data  by  use  of  the  exponential  relationship  (Arrhenius) 
showed  the  bond  reliability  of  Group  I  devices  would  be  0.  00^97  per¬ 
cent  per  1000  hours  at  a  temperature  of  50  C  (the  maximum  junction 
operating  temperature  anticipated).  A  comparison  of  failure  rate  of 
Group  I  and  Group  II  devices  exposed  to  the  same  temperature  shows 
Group  II  devices  to  be  about  120  times  superior.  Using  this  factor, 
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Table  2. 


Results  of  Temperature-Time  Matrix  Study 


Bond 

Group 

Number 

of 

Bonds 

Cell 

Temperature,  C 

Test 

Hours 

Bond 

Hours 

Comments 

1 

5200 

275 

48 

249,600 

Test  terminated 
(all  failed) 

1 

1300 

200 

2000 

2,  600,  000 

Test  terminated 
(all  failed) 

II 

228 

ZOO 

2870 

659,408 

2  failed 

I* 

1100 

125 

2880 

3,  168,  000 

0  failed 

I* 

2900 

85 

2880 

8,  352,  000 

0  failed 

II* 

1200 

85 

2880 

3,  456,  000 

0  failed 

♦Teats  performed  by  suppliers 


the  failure  rate  of  Group  IX  devices  at  50  C  can  be  estimated  to  be 
approximately  0.  000008  percent  per  1000  hours  (Figure  16).  Or  in  a 
ten-lead  device,  the  failure  rate  of  bonds  would  be  expected  to  be 
0.  00008  percent  per  1000  hours  or  about  1/3  the  rate  originally  esti¬ 
mated  for  bonds  at  the  very  onset  of  the  Minuteman  II  program. 

In  summary,  gold-aluminum  interconnects  in  integrated  circuit 
devices  display  a  time-temperature  dependent  mode  of  failure.  It  is 
the  result  of  interdiffusion  of  gold  and  aluminum  and  the  tendency  to 
form  gold-rich  intermetallic  compounds  at  elevated  temperatures. 
There  are  some  indications  that  air  treatment  causing  oxidation  of  the 
pad  and  the  associated  circuitry  has  some  retarding  effect.  Use  of 
other  metals,  such  as  molybdenum,  to  act  as  diffusion  barriers  further 
retards  interdiffusion.  Temperature  variation,  static  charges,  and 
normal  operating  voltages  can  cause  intermittent  closure  of  open  bonds. 
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FAILURE  MECHANISMS  ASSOCIATED  WITH  THERMALLY 


INDUCED  MECHANICAL  STRESS  IN 
MIUUTB4AM  DEVICES 

C.  G.  Jennings 

Autonetics ,  A  Dirl a ion  of  North  American  Aviation,  Inc., 
Anaheim,  California 


Semiconductor  devicea  are  subjected  to  a  considerable  number  of 
temperature  changes  during  fabrication,  screening  teats,  and  storage. 
Operational  mechanical  strains  in  the  composite  materials  from  which 
the  semiconductor  devicea  are  made  are  induced  as  a  result  of  this 
temperature  change  due  to  incompatible  rates  of  thermal  expansion  in 
adjacent  materials  (Ref  1).  Two  materials  of  the  same  length  have 
different  lengths  at  some  other  temperature  due  to  different  rates  of 
thermal  expansion  as  shown  in  Figure  1.  When  these  two  materials 
are  attached  to  each  other  in  some  manner,  mechanical  strains  are 
set  up  in  each  material  as  they  are  forced  to  expand  with  temperature 
at  the  same  rate.  This  rate  is  different  from  either  one  of  their  unre¬ 
strained  rates  of  thermal  expansion.  The  analytical  expression  for 
mechanical  stress  is  also  given  in  Figure  1  assuming  no  bending  or 
plastic  strain  in  either  material  (Ref  2).  Note  that  the  stress  is  a 
function  of  the  difference  between  the  two  materials'  coefficients  of 
expansion,  the  change  in  temperature,  the  respective  moduli  of  elas¬ 
ticity,  and  the  thicknesses.  The  experimental  mechanical  stress  is 
determined  by  measuring  the  mechanical  strain  and  converting  it  to 
stress  utilizing  Hooke's  Law,  wherein  the  stress  is  directly  propor¬ 
tional  to  the  strain  and  the  modulus  of  elasticity. 

All  semiconductor  devices  experience  a  thermally  induced 
mechanical  stress  in  one  degree  or  another.  Generally  speaking, 
devices  are  made  of  materials  with  as  close  a  rate  of  thermal  expan¬ 
sion  to  each  other  as  possible  to  thus  minimize  the  amount  of  thermally 
induced  stress.  Power  transistors,  however,  require  that  the  heat 
generated  during  operation  be  conducted  away  from  the  die.  Materials 
that  will  conduct  the  heat  away  generally  have  a  much  higher  coefficient 
of  thermal  expansion  than  the  semiconducting  materials  (especially 
silicon).  A  good  example  of  this  material  incompatibility  is  shown 
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Figure  1 

Thermally.  Induced  Strese  Due  to  Mismatched 
Linear  Coefficient*  of  Thermal  Expansion 


in  Figure  2  in  the  cross-section  of  a  power  transistor.  The  large  mass 
of  copper  used  to  conduct  the  heat  away  has  a  coefficient  of  expansion 
of  approximately  16  ppm/C,  while  the  thinner  molybdenum  pedestal 
and  tlie  silicon  die  have  coefficient*  of  expansion  of  4.  8  and  2.  0  ppm/C, 
respectively.  The  calculated  stress  in  the  silicon  die  of  this  device 
utilising  the  equation  in  Figure  1  is  23,  000  psi  for  a  100  C  temperature 
change. 

The  experiment  stress  in  the  silicon  of  this  power  transistor  was 
determined  with  resistance  strain  gages  adhesively  bonded  to  the  die 
as  shown  in  Figure  3.  The  strain  causes  a  change  in  resistance  in  the 
strain  gage  associated  with  the  stress  which  unbalances  a  Wheatstone 
Bridge.  These  very  small  gages  (0.015  inch  gage  length)  were  bonded 
in  the  center  of  the  die  as  shown,  as  well  as  near  the  edge,  to  deter¬ 
mine  where  the  strain  was  maximum.  The  maximum  strain  occurred 
at  the  edge,  as  predicted  in  Ref  3.  The  resistance  temperature  sensor 
shown  in  Figure  3  was  used  to  accurately  measure  the  temperature  of 
the  device  at  the  time  the  strain  was  measured,  as  well  as  to  insure 
that  temperature  equilibrium  had  been  reached.  The  principles  of 
operation  are  the  same  for  the  strain  and  temperature  gages. 

The  temperature  gage  can  sense  temperature  changes  of  0.  01  F, 

The  environmental  chamber  used  for  temperature  cycling  and  the 
strain  indicator  used  to  measure  the  strain  from  the  gages  is  shown 
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coerea 


Figure  2 

Cron » -Section  of  Power  Translator 
Showing  Relative  Thicknesses  of  Copper, 

Molybdenum,  and  Silicon 

in  Figure  4.  The  leads  from  the  strain  gage  mounted  on  the  device 
are  brought  through  the  outlet  in  the  chamber  wall  and  connected  to 
the  instrument.  The  temperature  control  on  the  chamber  is  ±3  C  at 
both  elevated  temperatures  (+175  C)  and  cold  temperatures  (-75  C). 

The  maximum  thermally  induced  stress  observed  in  this  power 
transistor  during  temperature  cycling  with  the  resistance  strain  gages 
is  shown  in  Figure  5.  These  stresses  were  observed  near  the  edge 
of  the  silicon.  The  bar  chart  shows  a  tensile  stress  of  11,000  psi 
at  150  C,  Upon  returning  to  room  temperature,  a  1000  psi  residual 
compressive  stress  was  present.  This  was  attributed  to  plastic  flow 
in  the  brazement  at  the  elevated  temperature.  The  13,  000  psi  com¬ 
pressive  stress  observed  at  the  -55  C  temperature  was  also  followed 
by  a  tensile  residual  stress  due  to  plastic  flow  in  the  opposite  direction. 
The  fact  that  the  experimental  stress  is  considerably  lower  than  that 
calculated  by  the  analytical  method  is  a  result  of  the  plastic  flow. 

The  plastic  flow  in  the  die-to-header  brazement  reduced  the 
stress  to  a  level  which  would  not  ordinarily  cause  failure.  Cracked 
dies  and  ruptured  die-to-header  brazements,  however,  were  reported 
in  the  failure  analysis  reports  submitted  by  the  supplier  of  this  tran¬ 
sistor  as  part  of  a  combined  Component  Quality  Assurance  Program 
(CQAP).  Metallographic  examination  of  the  same  transistors  exposed 
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a.  Resistance  T*mperaturo  Sensor  Mounted  on 
Molybdenum  Pedeetal 


b.  Resistance  Shown  Gage  Mounted  In  Center  of 
Silicon  Oil 

Figure  3 

Sensing  Devices  Mounted  on  Power  Transistor  to 
Accurately  Measure  Temperature  and  Strain 
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COMPRESSIVE  STRESS  TENSILE  STRESS 

{PSI  X  1000)  (PSI  X  1000) 


Figure  4 


Bemco  Environmental  Chamber  and  Baldwin- Lima -Hamilton 
Strain  Indicator  Used  for  Measuring  Thermally 
Induced  Mechanical  Strains 


Figure  5 


Thermally  Induced  Mechanical  Stress  in  Silicon  Die  of 
Power  Transistor  When  Temperature  Cycled 
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to  a  selected  assortment  of  thermal  conditions  indicated  that  these 
failure  modes  were  associated  with  thermally  induced  mechanical 
stress.  The  evidence  of  plastic  flow  and  abnormalities  observed  by 
the  metallographic  examination  led  to  the  postulation  of  three  dependent 
failure  mechanisms. 

1.  Thin  brazements  between  die  and  pedestal,  and  pedestal  and 
header  reduces  plastic  flow  capability. 

2.  Thermal  cycling  devices  as  screening  technique  causing 
strain  aging  in  brazement. 

3.  Nickcl=silicon  intermetallic  formation  reduces  strength 
and/or  plastic  flow  capability  of  brazement. 

It  was  postulated  that  the  thermally  induced  mechanical  stress  is  a 
fundamental  failure  mechanism  that  couples  with  the  three  dependent 
failure  mechanisms  stated  above. 

Special  power  transistors  were  purchased  from  the  supplier  to 
verify  the  postulation  on  the  effect  of  the  braze  thickne.is  on  the  amount 
of  stress  transmitted  to  the  silicon  die.  Devices  were  fabricated  which 
had  a  relative  braze  thickness  of  one-half  and  twice  normal  braze 
thickness.  The  photomicrographs  in  Figure  6  show  the  relative  thick¬ 
ness  of  brazement  extremes.  Abnormal  braze  thicknesses  in  this 
range  were  observed  in  the  metallographic  examination  of  production 
devices.  The  effect  of  the  braze  thickness  on  the  amount  of  thermally 
induced  stress  is  shown  in  Figure  7.  The  change  in  the  room  tempera¬ 
ture  stress  after  the  elevated  temperature  cycle  is  attributed  to  a 
relief  of  the  residual  die  bonding  3tress  and/or  a  breakdown  in  the  die 
brazement.  Partial  ruptures  have  been  observed  after  the  temperature 
cycling  especially  in  the  thinner  brazements. 

The  postulation  verification  on  the  effect  of  temperature  cycling 
on  the  amount  of  stress-  transmitted  to  the  silicon  die  is  shown  in 
Figure  8.  The  devices  receiving  the  least  severe  temperature  cycling 
treatments  exhibited  the  lowest  stress.  Devices  that  had  received 
100  temperature  cycles  from  200  to  -65  C  and  devices  cycled  10  times 
between  270  and  -100  C  appear  as  a  paradox  in  the  chart.  Metallo¬ 
graphic  examination  of  the  test  devices  revealed  more  extensive 
ruptures  in  these  two  groups  of  test  specimens  which  accounts  for  the 
lower  stress  state.  A  partially  ruptured  brazement  will  not  transmit 
as  high  a  thermally  induced  mechanical  stress  as  a  sound  brazement. 
The  stresses  shown  in  Figure  8  are  considerably  lower  than  the  stress 
shown  in  Figure  5.  The  stresses  portrayed  in  Figure  8  are  average 
stress  values  in  the  lower  stressed  center  of  the  die,  while  the  stress 
shown  in  Figure  5  is  a  maximum  stress  taken  near  the  edge  of  the  die. 
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b.  Thin  AuSi  Eutectic  liras  ament  (620X) 

Figure  6 

Photomicrographs  of  Power  Transistor  Oie-to-Header 
Brazements  Showing  Thickness  Extremes 
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LEGEND: 


Figure  7 

Average  Thermally  Induced  Mechanical  Stress  in  the 
Silicon  Die  of  Power  Transistors  with  Normal, 
Thin,  and  Thick  Brazements 


This  postulation  made  on  the  nickel- silicon  intermetallic  formation 
weakening  the  brazement  resulted  from  the  metallographic  examination 
of  the  supplier  CQAP  test  parts.  Some  of  the  devices  that  had  been 
exposed  to  the  more  extreme  thermal  conditions  exhibit  ruptures  in  the 
die-to-pedestal  brazement.  Figure  9  shows  a  high  magnification  of  the 
rupture.  The  rupture  always  took  place  adjacent  to  a  light  blue  colored 
compound.  Electron  microprobe  traces,  also  shown  in  Figure  9,  show 
the  blue  phase  to  be  a  nickel” silicon  alloy.  The  presence  of  the  nickel- 
silicon  alloy  at  the  rupture  point  prompted  a  characterization  study. 
Three  nickel- silicon  compounds  were  synthesized  as  metallurgical 
standards  for  the  electron  probe.  The  compounds  were  identified  by 
X-ray  diffraction.  Microhardness  readings  indicated  all  the  compounds 
were  very  hard  and  brittle.  Microprobe  traces  utilizing  the  standards 
identified  the  nickel- silicon  alloy  in  devices  as  an  intermetallic  com¬ 
pound  with  the  stoichiometric  ratio  of  W3  Sig.  Electron  microscope 
replicas  of  diffusion  samples  (as  well  as  devices)  exhibited  a  row  of 
very  small  voids  at  this  interface  as  shown  in  Figure  10.  This  row  of 
voids  was  attributed  to  the  Kirkendall  effect  where  the  nickel  diffuses 
more  rapidly  through  the  intermetallic  zone  than  the  silicon  diffuses 
within  the  intermetallic  zone. 
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CYCLING  -65  C  -65  C  -65  C  -80  C  -80  C  -100  C 


Figure  8 

Thermally  Induced  Mechanical  Stress  at  -65  F  in  Die  of 
Power  Transistor  After  Selected  Thermal  History 


Power  transistors  similar  to  the  ones  previously  discussed  were 
also  tested  for  thermally  induced  mechanical  stress.  The  header  and 
braze  materials  were  the  major  difference  between  the  two  devices. 

The  amount  of  thermally  induced  stress  as  well  as  fabrication  stresses 
is  given  in  Figure  11.  The  fabrication  stress  induced  into  the  silicon 
die  from  cold  welding  the  cap  to  the  package  vh  also  measured  with 
the  resistance  strain  gages.  An  applied  or  elastic  stress  was  meas¬ 
ured  during  the  welding  operation.  Also,  a  residual  stress  remained 
in  the  silicon  die  after  the  welding  operation  which  then  was  algebrai¬ 
cally  added  to  the  other  stresses.  Other  residual  stresses  are  induced 
into  the  silicon  die  which  have  not  been  completely  determined  such 
as  from  die  bonding,  silicon  oxide  growth,  and  lead  forming.  The 
total  stress  applied  to  the  die  is  a  superposition  of  the  applied  or 
service  stress  to  the  composite  residual  stresses. 

Devices  built  by  the  supplier  may  be  made  of  materials  that  are 
very  compatible  and  as  a  result  possess  low  residual  stresses.  They 
will  also  exhibit  relatively  low  thermally  induced  mechanical  stresses. 
These  same  devices  may  still  be  subjected  to  higher  mechanical 
stresses  during  system  manufacturing.  This  problem  arose  at 
Autonetics  where  the  high  density  of  integrated  circuits  (IC's)  used 
in  the  Minuteman  II  computer  required  that  external  heat  sinks  be 
used  to  dissipate  the  heat.  The  IC's  were  bonded  to  the  copper  heat 
sink  with  a  good  thermal  conducting  organic  adhesive.  Mechanical 
stressing  of  the  IC's  was  detected  when  a  test  was  conducted  to  evaluate 
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SILICON 


NICKEL 

PLATE 


Figure  9 

Photomicrograph  and  Electron  Probe  Trace  on  Ruptured 
Die-to-Header  Brazement  of  Power  Transistor 
(Subjected  to  Temperature  Cycling  -85  to  315  C) 


a  new  more  fragile  1C  package  design  which  possessed  advantages  of 
fewer  electrical  shorts  and  better  heat  dissipation.  The  stresses 
were  measured  by  installing  small  resistance  strain  gages  to  the 
silicon  die  which  were  then  monitored  during  temperature  cycling 
within  the  environmental  range.  Figure  12  shows  the  gage  mounted 
on  the  top  surface  of  the  IC.  The  stresses  were  generated  because 
the  copper  heat  sink  and  multilayer  board  have  much  higher  coefficients 
of  thermal  expansion  (16  ppm/C)  than  the  composite  XC  package 
(approximately  5  ppm/.C)  which  is  adhesively  bonded  to  it. 


NOTE  POROSITY  AT  THE  NICKEL-NICKEL  SILICON 
INTERMETALLIC  INTERFACE 


Figure  10 

Electron  Micrograph  of  Nickel-Silicon  Diffusion  Sample  Replica 


A  comparison  of  the  thermally  induced  stress  in  the  silicon  die  of 
the  two  package  designs  is  shown  ip  Figure  13.  The  graph  shows  the 
new  bare  base  package  exhibiting  the  highest  thermally  induced  stress 
when  bonded?  to  the  heat  sink  with  the  high  thermal  conductive  organic 
adhesive.  The  more  rigid  alumina  pedestal  package  did  not  transmit 
as  high  a  stress.  Both  packages  were  shown  to  transmit  low  stresses 
to  the  die  providing  they  were  not  bonded  to  the  heat  sink,  which  indi¬ 
cates  the  materials  used  within  the  package  were  relatively  compatible. 
A  degradation  of  the  die-to-header  bond  is  evident  by  the  decrease  in 
stress  from  cycle  1  to  cycle  3  at  -65  C  when  bonded  to  the  heat  sink. 

The  results  of  an  evaluation  of  other  selected  adhesives  for 
bonding  the  IC's  to  the  heat  sink  is  shown  in  Figure  14.  With  the 
exception  of  devices  attached  to  the  heat  sink  with  two  flexible  solvent 
activated  adhesives,  the  stresses  were  always  higher  in  IC's  of  a  new 
package  design  (bare  base)  compared  to  present  package  design 
(alumina  pedestal).  The  stress  levels  in  the  two  packages  bonded  with 
the  flexible  solvent  activated  adhesives  vere  relatively  low  and  roughly 


457 


-*F  <r 


/ 


8? 
IS)  — 

^  X 

II 


12 

Sf 


Figure  11 


Mechanical  Stress  Induced  into  Silicon  Die  of  Power 
Transistor  From  Cold  Welding  Cap 
and  Temperature  Cycling 


equivalent  to  each  other.  The  use  of  the  more  flexible  adhesive  makes 
it  possible  to  utilize  the  new  bare  base  package  with  its  inherent  advan¬ 
tages  of  fewer  electrical  shorts  and  better  heat  dissipation. 

The  most  common  type  of  failure  mode  attributed  to  the  thermally 
induced  stress  in  the  IC's  bonded  to  the  heat  sink  is  ruptured  die-to- 
header  bonds.  Figure  15  shows  the  crack  in  the  pyroceram  which 
attached  the  die  to  the  alumina  pedestal  in  the  package.  This  crack 
developed  during  the  temperature  cycling  test.  A  similar  type  failure 
is  shown  in  Figure  16  which  shows  the  rupture  between  the  pyroceram 
and  the  gold  plated  Kovar.  The  pyroceram  does. not  adhere  as  well  to 
the  gold  plated  Kovar  as  it  does  to  the  alumina,  and  the  weakest  point 
of  the  bond  is  at  this  interface. 

The  effect  of  thermally  induced  mechanical  stress  has  been  illus¬ 
trated  as  being  an  underlying  failure  mechanism  in  a  number  of  semicon¬ 
ductor  devices.  This  stress  superimposes  on  other  residual  fabrication 
and  service  stresses  to  give  a  total  composite  stress.  For  the  normal 
high  reliability  device,  this  stress  is  not  sufficient  to  cause  failure.  It 
does,  however,  couple  with  other  dependent  failure  mechanisms  to 
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Figure  12 


Integrated  Circuit  with  Resistance  Strain  Gage 
Mounted  on  the  Surface  (130X) 


produce  failures  of  significant  importance  in  high  reliability  systems 
such  as  Minuteman. 
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I  I  ALUMINA  PEDESTAL 


Figure  14 


Comparison  of  Stresses  Induced  by  a  -65  F  Temperature  in  the 
Silicon  Die  of  Two  Integrated  Circuit  Packages  Bonded 
with  Selected  Adhesives  to  a  Copper  Heat  Sink 
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■a."  Cross-Section  Showing  Relative 
Material  Thicknesses 


•b.  High  Magnification  of  Crack  at 

Pyroceram  Silicon  Interface  740X 


Figure  15 

Photomicrographs  of  Alumina  Pedestal 
Integrated  Circuit  Package 


462 


KOVAR  PACKAGE 


E Point  ADHESIVE 


7 


COWBT.  HEAT  SINK 


*.  Cross-Section  Showing  Relative  Thicknesses  of 
Material  Thicknesses  (28X) 


GOLD  PLATED  KOVAR 

b.  High  Magnification  Showing  Void  and  Poor  Adhesion  of 
Pyroceram  to  Gold  Plated  Kovar 


Figure  16 

Photomicrographs  of  Bare  Base 
Integrated  Circuit  Package 


463 


PROPERTIES  OF  PLASTIC  MATERIALS  AND  HOW  THEY 
RELATE  TO  DEVICE  FAILURE  MECHANISMS 

S.  M.  Lee,  J,  J.  Licari,  and  A.  Valles 


Autonetics,  a  Division  of  North  American  Aviation,  Inc. , 
Anaheim,  California 


L  INTRODUCTION 

A  variety  of  plastic  materials  are  in  use  by  component  manufac¬ 
turers  for  protection  of  semiconductor  devices.  The  inherent  economic 
advantages  are  the  main  reason  for  their  increasing  usage  in  diodes  and 
transistors.  Plastics  offer  low  material  costs,  simplicity  and  versa¬ 
tility  of  application  techniques,  and  a  great  diversity  of  chemical, 
physical,  and  mechanical  properties  from  which  to  choose.  Their 
economic  appeal  is  especially  significant  where  large-scale  production 
and  automation  arc  prime  factors. 

The  optimization  of  organic  polymer  based  materials  for  packaging 
semiconductor  devices  is  a  sizable  task  since  the  materials  are 
required  to  perform  several  functions  including  protection  against 
mechanical,  chemical,  physical,  and  electrical  stresses.  For  example, 
the  plastic  encapsulant  may  serve  to  dilute  or  eliminate  mechanical 
stresses  applied  to  the  leads  thus  preventing  damage  to  the  semiconduc¬ 
tor  element,  act  as  a  heat  transfer  path  for  the  dissipation  of  heat,  or 
provide  a  barrier  against  contaminants  and  the  penetration  of  moisture 
vapor  or  other  gases.  Conversely,  the  plastic  must  not  deleteriously 
affect  the  component's  performance  (e.  g. ,  by  exerting  excessive  cure 
shrinkage  stresses  or  by  contributing  injurious  contaminants  which  may 
cause  inversion  or  provide  low  electrical  resistance  shunt  paths. 

A  survey  conducted  at  the  inception  of  the  Autonetics  Physics  of 
Failure  Program  revealed  a  notable  dearth  of  published  information  on 
the  use  of  plastics  over  semiconductor  junctions.  Although  it  is 
realized  that  some  work  must  remain  unpublished  because  of  a  propri¬ 
etary  nature,  it  is  suspected  that,  to  a  large  extent,  empiricism  was 
the  basis  for  the  choice  of  plastics. 
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IL  TECHNICAL  APPROACH 


At  the  beginning  of  the  program  dicde  abnormalities  were  reported 
to  be  excessive  reverse  leakage  currents  under  stress  conditions  and 
poor  lead  wire  to  resin  pull  strength.  The  excessive  reverse  leakage 
currents  were  thought  to  be  promoted  by  inversion  formation  at  semi¬ 
conductor  junctions,  which  was  hypothesized  as  being  possibly  du-  to 
contaminants  contained  or  released  by  the  plastic  encapsulants. 

The  test  program  initially  established  was  broad  and  encompassed 
a  multitude  of  tests  for  a  number  of  properties,  including  a  comparison 
of  the  ionic  and  ionizable  or  gaseous  contaminants  contained  or  gener¬ 
ated  by  plastics.  Data  obtained  by  probing  in  many  directions  was 
intended  to  be  used  in  postulating  failure  mechanisms  which  could  be 
subsequently  either  verified  or  disproven  by  tests  on  the  actual  com¬ 
ponents.,  Physicochemical  property  determinations  were,  for  the  most 
part,  conducted  on  "synthetically  fabricated  specimens"  since  it  was 
difficult  or  impossible  to  directly  evaluate  the  plastic  on  the  diode 
surface. 

Microdiode  encapsulants  from  several  vendors  were  investigated 
and  the  chemical  types  including  silicone,  phenolic,  and  epoxy  were 
ascertained  by  infrared  spectroscopy.  In  addition,  fluorinated  polymers 
such  as  Teflon  not  ordinarily  used  for  diode  encapsulation  were  com¬ 
paratively  evaluated  to  elucidate  the  importance  of  the  relationship  of 
polymer  structure  and  contamination  to  the  optimum  device 
performance. 


m.  EXPERIMENTAL  RESULTS 
A.  Infrared  Identification  of  Plastics 

Infrared  spectra  were  determined  on  either  the  pyrolysis  products 
or  on  cast  films  of  the  products.  Table  1  presents  the  results  of  these 
tests. 

One  of  the  most  interesting  findings  in  this  phase  of  the  investiga¬ 
tion  was  the  detection  of  ammonia  in  the  AM- 1  molding  compound.  This 
was  of  particular  concern  since  other  investigators  (Ref  1  and  2)  have 
reported  that  ammonia  increases  the  reverse  leakage  current  in  contact 
with  semiconductor  junctions. 
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Table  1 


Infrared  Identification  of  Plastics 


Compound  and  User 

Vendor  A  (R-l 1) 

Inner  Coating  AC-1 

Primarily  alkyd  with  some  indications 
of  silicone. 

Vendor  A  (Durez  22845) 
Molding  Compound  AM-1 

Phenolic  resin,  ammonia  present. 

Vendor  A  (DC305) 

Molding  Compound  AM- 2 

Primarily  methyl  silicone  with  small 
amounts  of  phenyl  silicone. 

Vendor  B  (SC- 12) 

Inner  Coating  BC-1 

Primarily  alkyd  with  some  indications 
of  silicone. 

Vendor  B  (SC- 15) 

Inner  Coating  BC-2 

Methyl-phenyl  silicone. 

Vendor  B  (C-26) 

Intermediate  Coating  BC-3 

Anhydride- epoxy.  The  anhydride  is 
apparently  a  mixture  of  methyl  nadic 
and  dodecyl  succinic  anhydride. 

Vendor  B  (DC304) 

Molding  Compound  BM-1 

Primarily  methyl  silicone  with  small 
amounts  of  phenyl  silicone. 

Vendor  C  (DC1400) 

Transistor  Coating  CC-1 

Alkyd  resin  with  small  percentage  of 
silicone. 

B.  Water  Extract  Electrical  Resistivities 


These  tests  were  conducted  to  indicate  the  amount  of  water 
extractable  ionic  constituents  present  in  the  plastic,  which  may  be 
introduced  in  the  numerous  manufacturing  steps  involved  in  synthesizing 
the  base  polymer  from  fillers  and  additives  used  in  compounding  the 
plastic  {particularly  true  with  some  transfer  molding  compounds)  or 
from  unreacted  constituents  (such  as  an  organic  amine  or  acid 
anhydride)  arising  from  nonstoichiometric  quantities. 

The  procedure  involved  extracting  weighed  amounts  of  the  ground 
plastic  with  deionized  water  for  8  days  at  160  F  and  measuring  the 
electrical  resistivities  of  the  extract  solutions  at  ambient  temperature, 
using  an  Industrial  Instruments,  Inc.,  Conductivity  Bridge  Model  RC16B 
(Ref  3).  Resistivity  data  (Table  2)  showed  the  phenolic  molding  com¬ 
pound  to  have  a  lo*  value  which  indicated  a  high  ionic  content; 
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conversely,  methyl-phenyl  silicone  plastics  had  the  highest  resistivi¬ 
ties.  The  difference  in  the  resistivity  of  the  cured  and  uncured 
anhydride- epoxy  originates  from  the  acid  component,  which  can  form 
ions  or  be 
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rendered  relatively  nonconductive  through  esterification  and  etherifica¬ 
tion  reactions  taking  place  during  epoxy  cure. 


Table  2 

Water  Extract  Resistivities 


Vendor 

.Material 

Average 

Resistivity 

10^ohm-cm) 

A 

A lkyd- silicone  Coating  (R-ll)AC-l  (Uncured) 

73 

Alkyd- silicone  Coating  (R-ll)  AC-1  (Cured) 
Phenolic  Molding  Compound  (Durez)  AM-1 

65 

(Uncured) 

Phenolic  Molding  Compound  (Durez)  AM-1 

4.  5 

(Cured) 

Silicone  Molding  Compound  (DC305)  AM-2 

4.  7 

(Uncured) 

Silicone  Molding  Compound  (DC305)  AM-2 

137 

(Cured) 

155 

B 

Alkyd-silicone  Coating  (SC-12)  3C-1  (Uncured) 

30 

Alkyd-silicone  Coating  (SC-12)  BC-1  (Cured) 
Methyl -phenyl-silicone  Coating  (SC-15)  BC-2 

14.  7 

(Uncured) 

Methyl-phenyl-silicone  Coating  (SC-15)  BC-2 

86 

(Cured) 

270 

Anhydride-epoxy  Coating  (C-26)  BC-3  (Uncured) 

1.  8 

Anhydride -epoxy  Coating  (C-26)  BC-3  (Cured) 
Silicone  Molding  Compound  (DC304)  BM-1 

9.  0 

(Uncured) 

Silicone  Molding  Compound  (DC304)  BM-1 

270 

(Cured) 

290 

Alkyd-silicone  Coating  (DC1400)  CC-1  (TJncured 

9.  0 

Alkyd-silicone  Coating  (DC1400)  CC-1  (Cured) 

11.  5 

R-2  (Cured) 

370 

R-2  (Uncured) 

11.  8 

Epiall  1960  AM-3  (Uncured) 

107 

C.  Chemical  Investigation  of  Phenolic  Molding  Compound  AM-1 

Microdiodea  encased  in  phenolic  molding  compound  were  marginal 
in  passing  performance  specification  tests.  In  addition  they  were 
shown  to  contain  ammonia  and  exhibited  a  high  water  extract  conductiv¬ 
ity,  so  it  was  decided  to  further  investigate  the  phenolic  molding  com¬ 
pound  in  this  diode.  Spectrographic  analysis  of  the  ash  (Table  3), 
determination  of  resin  content  on  the  cured  and  uncured  compound,  and 
measurement  of  the  pH  on  the  water  extract  of  the  phenolic  were 
studied.  The  resin  content  determination  consisted  in  ashing  a  known 
weight  of  AM-1  molding  compound  and  calculating  die  weight  loss, 
which  gave  54.  87  percent  (with  an  uncured  sample)  and  52.  40  percent 
(using  &e  cured  resin).  The  lower  resin  content  of  the  cured  com¬ 
pound  was  attributed  to  the  loss  of  volatiles  during  die  cure.'  The  pH 
measurements  averaging  8.  3  were  on  the  alkaline  side  and  coincided 
with  a  weak  solution  of  ammonium  hydroxide. 


Table  3 

Spectrographic  Analysis  of  AM- 1  Phenolic 
Molding  Compound  Ash 


Dry* 

Water  Extract 

Magnesium 

- 

Major  (10%  or  more) 

Magnesium 

Trace 

Aluminum 

- 

Major 

Calcium 

Trace 

Silicon 

- 

Major 

Silicon 

Trace 

Calcium 

- 

Major 

Aluminum 

Trace 

Sodium 

- 

Minor  (Approximately  10%) 

Boron 

- 

Minor 

Zinc 

- 

Minor 

Titanium 

- 

Minor 

Iron 

- 

Trace  (0.  1%  or  less) 

Nickel 

- 

Trace 

Manganese 

- 

Trace 

Chromium 

- 

Trace 

Copper 

- 

Trace 

Silver 

- 

Trace 

♦Ash  from  cured  and  uncured  samples  gave  same  results. 
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D.  Thermo  gravimetric  Analysis 


To  determine  the  relative  thermal  stability  of  various  plastic 
encapsulants,  pyrograms  (weight  loss  versus  temperature  curves) 
were  obtained  using  a  Stone  model  thermogravimetric  analyser. 

Analyses  were  conducted  with  a  programmed  temperature  increase 
rate  of  6  C  per  minute  and  pyrograms  were  obtained  for  samples  of 
cured  and  uncured  AM- 1  phenolic  molding  compound.  The  initial 
weight  loss  was  subtly  evident  in  the  cured  sample  at  temperatures 
above  50  C  as  is  shown  on  the  pyrogram  shown  in  Figure  1.  The 
initiation  of  the  weight  loss  in  the  uncured  sample  occurred  sharply  at 
about  120  C,  which  appears  to  indicate  that  the  rates  of  gas  producing 
reactions  do  not  become  appreciable  until  around  120  C.  The  weight 
loss  in  the  cured  sample  is  due  to  release  of  ammonia  (cf.  Section  H  on 
Mechanism).  It  is  believed  that  breakdown  of  the  polymer  begins 
around  350  C,  with  die  weight  loss  rate  increasing  above  this  tempera¬ 
ture  producing  gaseous  decomposition  products  of  the  polymer. 


Figure  1 

Pyrogram  of  Phenolic 
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Table  4  presents  instantaneous  weight  loss  rates  taken  at  two 
temperatures  and  average  weight  loss  rates  between  60  to  350  C. 
Pyrograms  made  on  both  cured  and  uncured  epoxy  molding  compound 
indicated  no  appreciable  weight  losses  below  200  C  which  is  well  above 
the  maximum  temperature  which  diodes  are  likely  to  experience. 
Therefore,  from  the  standpoint  of  deleterious  effects  due  to  gassing, 
epoxy  material  appears  superior  to  the  phenolic  under  these  conditions. 


Table  4 


AM-1  Phenolic  Molding  Compound  Thermal  Weight  Loss 


State  of 
Molding 
Compound 

Temperature 

•c 

Weight 

Loss 

% 

Weight  Loss 
Rate 

Mg/C 

Weight  Loss 
Rate 
pg/Min 

Cured 

120 

1.1 

3.37 

20.22 

Uncured 

120 

0 

0 

0 

Cured 

200 

3.3 

3.37 

20.  22 

Uncured 

200 

4.3 

4.  32 

25.  92 

Cured 

60*  to  350 

0  to  6. 6 

3.  48 

20.  90 

*The  weight  loss  rate  was  approximately  constant  over  this  temper¬ 
ature  range. 

E.  Gas  Permeability 

Diodes  encased  in  the  AM- 1  molding  compound  (Figure  2)  also 
contain  an  inner  coating  (AC-1),  which  is  directly  applied  over  the 
passivated  diode  surface.  Gases  originating  from  AM-1  coating  would 
have  to  permeate  the  AC-  1  coating  before  contacting  the  diode  surface. 
Experiments  were  therefore  devised  to  measure  moisture  vapor  and 
ammonia  gas  permeabilities  on  the  AC-1  coating  in  an  effort  to  obtain 
pertinent  data  relative  to  this. 

In  the  determination  of  ammonia  permeability  a  test  film  was 
sealed  over  a  bottle  partly  filled  with  28-percent  chemically  pure 
ammonium  hydroxide,  which  at  equilibrium  contained  approximately 
98  percent  by  volume  ammonia  gas  (Ref  4),  , 
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DIODE  -  TRIP  ME  COATED 


Figure  2 

Plastics  Used  in  Diodes 


Moisture  vapor  permeability  tests  were  conducted  using  the  cup 
method  in  accordance  with  Ref  5  which  consisted  of  clamping  the  test 
film  over  a  flanged  cup  containing  water  and  placing  in  a  desiccator. 
The  weight  loss  from  the  cup  over  a  period  of  time  was  used  to  calcu¬ 
late  the  permeability  rates. 

Table  5  presents  the  ammonia  gas  and  moisture  permeability 
results  with  the  AC-1  coating.  Although  the  test  methods  for  the 
ammonia  and  water  vapors  are  slightly  different,  the  large  difference 
in  average  rates  clearly  demonstrated  the  higher  permeability  of  the 
AC-1  coating  to  ammonia  gas. 
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Table  5 


Ammonia  and  Moisture  Vapor  Permeability  of  AC- 1  Coating 


Average 

Ammonia  Permeability 

in  2 

Micrograms -cm  /hour -cm 

Average  Moisture 

Vapor  Transmission 

in  2 

Micrograms-cm/hours-cm 

26. 1 

1.3 

The  moisture  vapor  transmission  rates  of  the  AC-1  coating  as 
compared  with  other  materials  was  investigated  (Table  6)  and  illus¬ 
trates  the  greater  permeability  of  this  material.  The  AM-1  molding 
compound  was  found  to  be  a  great  deal  more  permeable  as  compared  to 
the  other  materials  which  can  be  attributed  to  the  microporosity  in  the 
phenolic  resulting  from  gassing  during  cure. 


Table  6 

Moisture  Vapor  Permeability 


Material 

Average  Moisture 

Vapor  Transmission 

in  2 

Micrograms-cm/hours-cm 

AC-1  (Silicone  alkyd 
coating) 

1.3 

AM-1  (Phenolic  molding 
compound) 

18.5 

BC-1  (Silicone  alkyd 
coating) 

1.0 

BM-1  (Silicone  molding 
compound) 

6.8 

CC-1  (Alkyd-.ulicone 
coating) 

0.9 
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F.  Purified  Resins 


1.  Preparation  and  Tests.  Concurrent  with  the  study  of  the 
commercial  plastics  used  on  diodes,  a  project  was  undertaken  to  purify 
plastic  constituents  and  evaluate  them  as  protective  systems  over 
uncased  diodes.  Ai  epoxy  resin  together  with  several  aromatic  amines 
and  acid  anhydride  curing  agents  utilized  as  co-  reactants  were  more 
rigorously  purified.  The  epoxy  resin  was  purified  by  molecular  distil¬ 
lation,  which  separates  the  resin  into  fractions  relatively  free  of 
inorganic  contaminants  with  narrower  molecular  weight  ranges.  The 
curing  agents  were  purified  by  distillation  through  a  Vigreaux  distilla¬ 
tion  column. 

Water  extract  resistivity  measurements  conducted  on  the  as- 
received  epoxy  resin,  the  molecular  still  residue,  and  the  light 
molecular  weight  fraction  were  all  high  and  approached  those  of  the 
deionized  water  blanks.  However,  spectrographic  analysis  on  ash 
from  the  three  samples  (Table  7)  revealed  a  considerable  difference  in 
metal  content.  Since  the  water  extract  tests  did  not  reveal  a  significant 
difference  in  resistivity  among  the  three  materials,  it  appears  that  the 
metal  ions  are  insoluble  and  bound. 


Table  7 

Spectrographic  Analysis  of  Epoxy  Reein  Fractions 


As-Received 

Light  Molecular 

Epon 828 

Still  Residue 

W eight  Fraction 

Copper  -  Trace* 

Silicon  -  Major** 

Copper  -  Trace 
(less  than 

Aluminum  -  Trace 

Magnesium  -  Trace 

original) 

Magnesium  -  Trace 

Aluminum  -  Trace 

Silicon  -  Trace 

Iron  -  Trace 

Calcium  -  Trace 

Copper  -  Trace 

Chromium  -  Trace 

Calcium  -  Trace 

Manganese  -  Trace 

*0.  1  percent  or  less 
**10  percent  or  more 
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2.  Stoichiometry  -  Water  Extract  Resistivity  Correlation.  The 
effects  of  a  plastics  on  semiconductor  junctions  could  conceivably 
originate  from  one  or  a  combination  of  several  factors  including: 

1.  Extraneous  contaminants  contained  in  the  plastic,  i.  e. ,  ionic 
substances  in  contact  with  semiconductor  surfaces  which  could 
lead  to  inversion. 

\ 

2.  Structural  physical  properties  innate  in  the  polymer  molecule 
such  as  polarity  and  polarizability. 

3.  Mechanical  stress  formation  due  to  plastic  cure  and/or  ther¬ 
mal  shrinkage  which  could  conceivably  produce  changes  in 
resistivity  in  doped  semiconductor. 

4.  The  use  of  nonstoichiometric  equivalents  of  curing  agent  and 
resin  in  the  formulation  of  epoxy  plastic  containing  available 
organic  ions  can  lead  to  an  increase  in  conductivity. 

Factor  1  could  be  minimized  by  using  purified  reactants. 

Factors  2  and  3  are  fixed  because  of  the  preselection  of  the  resin  to  be 
used.  To  minimize  factor  4,  a  method  was  developed  to  check  the 
completeness  of  reaction  in  plastic  "mixes"  containing  different 
epoxy-acid  anhydride  ratios.  This  technique  consisted  of  measuring 
water  extract  resistivity  on  cured  1-gram  ground  samples  of  each 
sample  "mix."  Table  8  presents  the  results,  while  Figure  3  depicts 
the  curve.  From  the  results,  it  is  evident  that  the  maximum  resistivi¬ 
ties  are  exhibited  by  60-100  and  50-100  anhydride- epoxy  ratios  for  the 
technical  and  purified  reactant  "mixes,  "  respectively.  It  can  also  be 
seen  that  the  resistivities  decrease  on  extending  the  digestion  (con¬ 
ducted  at  165  F)  time  from  72  hours  to  240  hours.  Since  a  portion  of 
the  cross-linking  reaction  is  esterification  (etherification  is  also  a 
reaction  mechanism)  Jthis  decrease  in  resistivity  can  be  attributed  to 
the  hydrolysis  of  the  ester  cross-linkages  and  the  attendant  formation 
of  carboxylic  acids.  The  presence  of  these  ionizable  organic  acids 
:ncreaBes  the  conductivity, 

3.  Stoichiometry  -  Elevated  Temperature  Electrical  Resistivity 
Correlation.  Elevated  temperature  volume  resistivities  were  conducted 
on  cured  plastic  samples  containing  the  same  resin  anhydride  propor¬ 
tions  as  used  in  some  of  the  water  extract  resistivity- stoichiometry 
study.  In  an  effort  to  determine  the  causes  lor  excessive  room  temper¬ 
ature  diode  reverse  leakage  currents  after  the  diodes  had  been 
subjected  to  sustained  reverse  bias  voltages  at  elevated  temperatures, 
the  volume  resistivities  were  obtained  at  three  temperatures:  100,  200, 
and  300  F  using  the  guarded  electrode  test.  This  method  minimizes 
the  error  due  to  surface  conductivity  by  shunting  the  current  away  from 
the  meter.  / 


/ 

/ 
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Table  8 


Water  Extract  Resietivity- Technical  and  Purified  Reactants 


Proportion*** 

Average 

Specific  Resistivity  (Ohm- 

■cm) 

MNA 

BDMA 

Epon 

828 

After  72  Hours 
Technical  Purified 

After  240  Hours 
Technical  Purified 

35 

0.  5 

100 

... 

103, 000 

--- 

66, 500 

45 

0.5 

100 

--- 

171, 500 

... 

111,500 

55 

0.5 

100 

550, 000 

190,  000 

355,000 

138,000 

65 

0.  5 

100 

460, 000 

73,000 

345, 000 

67,000 

75 

0.5 

100 

335,000 

48,000 

170,000 

43, 500 

85 

0.  5 

100 

165,000 

7 l , 000 

120,000 

62,000 

95 

0.5 

1-00 

100,000 

64, 500 

82,000 

55,000 

105 

0.5 

100 

61,000 

31,500 

50,000 

27,000 

115 

0.5 

100 

33, 500 

21, 250 

29, 000 

17, 500 

Blank 

Blank 

Blank 

430,000 

850,  000 

... 

550,000 

*  The  method  for  purification  of  the  reactants  is  given  in  Progress  Report  No.  8 


**Per  100  gms  epoxy 

MNA  =  Methyl  Nadic  Anhydride 

BDMA  =  Bcnzyldimethylamine 

Epon  828  -  Shell  Chemical  Company  Epoxy  Resin 


To  explain  the  high  leakage  currents  after  elevated  temperature- 
reverse  bias  stresses,  it  was  hypothesised  that  at  elevated  tempera¬ 
tures,  the  ions  in  the  plastic  made  mobile  by  the  high  temperature  will 
move  under  the  influence  of  an  electric  field.  Those  ions  near  the 
silicon  surface  will  then  induce  a  layer  of  opposite  charge  in  the  semi¬ 
conductor  near  the  surface  which  may  result  in  channeling.  If  the 
semiconductor  is  cooled  with  the  reverse  bias  voltage  on,  there  is  a 
tendency  to  "freese"  the  channeling  condition  since  the  ions  are  less 
mobile  at  room  temperature,  and  will  then  exhibit  high  leakage  cur¬ 
rents.  Evidence  which  corroborates  this  hypothesis  was  observed 
when  baking  the  diodes  under  reverse  or  forward  bias.  This  tended  to 
remove  the  high  leakage  current.  Ideally,  then,  the  best  plastic  to 
prevent  this  type  of  leakage  should  be  one  which  does  not  have  a  high 
increase  in  conductivity  with  temperature. 
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Figure*  4,  5,  and  6  depict  the  current  (in  nanoamperes)  a*  a 
function  of  inveree  temperature.  The  "stoichiometric"  ratios  are 
those  resin  anhydride  ratios  which  were  found  to  exhibit  the  maximum 
water  extract  resistivity,  while  "nonstoichiometric"  mixes  are  those 
which  gave  the  lowest  water  extract  resistivity  of  the  ratios  tested.  As 
the  word  implies,  die  "intermediate"  mixes  mentioned  in  these  figures 
are  mixes  which  contained  resin-anhydride  ratios  intermediate  between 
the  stoichiometric  and  nonstoichiometric  ratios. 

Figure  7  is  a  comparison  of  the  300- volt  curves  for  both  technical 
grade  and  purified  reactants.  It  is  evident  from  these  curves  that 
there  is  an  apparent  correlation  between  the  water  extract  resistivities 
and  the  elevated  temperature  resistivities  of  the  plastics.  By  die 
same  token,  there  is  a  correlation  between  deviations  from  stoichiom¬ 
etry  and  the  elevated  temperature  conductivities  of  plastics.  As  a 
comparison,  Figure  8  shows  current  versus  inverse  temperature 
relationships  for  AM- 1  phenolic  molding  compound. 

Tables  9  and  10  present  the  calculated  volume  resistivities  for 
die  different  ratio  mixes  of  the  purified  and  technical  grade  epoxy 
anhydride  mixes,  while  Table  11  contains  the  AM-1  phenolic  molding 
compound  data. 

As  can  be  seen  from  the  current-inverse  temperature  curves,  not 
all  of  them  are  straight  lines.  No  explanation  can  be  given  at  this  time 
for  these  anomalies,  but  it  is  suspected  that  changes  in  the  power 
supply  or  test  fixture  might  be  a  source  of  error. 

An  effort  was  made  to  express  these  current- inverse  temperature 
curves  by  means  of  a  mathematical  equation.  The  expression 
I  =  Ae-U/T  suggested  in  Ref  6  was  chosen  as  the  appropriate  equation 
to  represent  this  data,  where  I  *  electrical  current,  e  *  natural  loga¬ 
rithmic  base,  T  a  the  absolute  temperature  in  degrees  Kelvin, 

A  =  a  constant,  and  B  =  a  constant.  To  solve  for  A  and  B,  two  points 
were  arbitrarily  selected  on  the  200-v  curve  in  Figure  6  to  give 
A  =  24  and  B  =  -8.  39  x  103.  The  calculated  values  using  these  con¬ 
stants  in  the  equation  coincided  with  those  taken  from  the  curve. 
Additional  elevated  temperature  resistivity  tests  conducted  on  Teflon 
yielded  no  discernible  currents  to  400  F  as  anticipated. 


x 
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CURRENT 


Figure  5 


Epoxy-Anhydride,  Current  as  a  Function  of  Temperature 
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Figure  6 

Epoxy- Anhydride  (Stoichiometric),  Cur  rent  a*  a 
Function  of  Temperature 
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CURRENT,  NANOAMPS 


Figure  7 

Epoxy- Anhydride,  Current  ••  a  Function  of  Temperature 
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CURRENT,  NANOAMPS 


Figure  8 

AM- 1  Phenolic  Molding  Compound,  Current  ai  i 
Function  of  Temperature 
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Table  9 


Volume  Resistivities  (Technical  Reactants)  of 
Epoxy-Anhydride  Mixtures 


Test 

Volume 

Material 

Temp 

E 

i 

Resistivity 

(Thickness) 

°F 

Volts 

(NA) 

(Ohm-In  x  1010> 

Stoichiometric  Ratio 

100 

100 

_ 

... 

200 

100 

_ 

_ 

(0.  C62  Inch) 

300 

100 

21 . 0 

14.  40 

100 

200 

_ 

_ 

200 

200 

— 

_ 

300 

200 

40.  5 

14.  29 

100 

300 

_ 

... 

200 

300 

— 

... 

300 

300 

60.75 

15.00 

Intermediate  Ratio 

100 

100 

... 

... 

:00 

100 

.070 

4630.0 

(0.  058  Inch) 

300 

a  00 

58.5 

5.55 

100 

200 

... 

... 

200 

200 

.  135 

4700.0 

300 

200 

118.5 

5.47 

100 

300 

_ 

... 

200 

300 

.  375 

2600 

300 

300 

197.2 

4.  93 

Non-Stoichiometric 

100 

100 

289 

1050 

Ratio 

200 

100 

.  590 

514.5 

(0.  062  Inch) 

300 

100 

1450 

0.  21 

100 

200 

.  069 

8790 

200 

200 

1.25 

485.0 

300 

200 

3000 

0.  20 

100 

300 

.  1 85 

4810 

200 

300 

2.35 

387.0 

• 

300 

300 

7500 

0.  12 

Average 

14.56©  300F 

3910  ©  200F 

5.32@300F 

4883  ©100F 

462.  2  ©2C0F 

1773  ©3 OOF 
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Table  10 


Volume  Realstivitiee  (Purified  Reactant*)  of 
of  Epoxy-Anhydride  Mixtures 


Test 

Volume 

Material 

Temp. 

E 

I 

Resistivity 

Thickness 

°F 

Volts 

(NA) 

(Ohm- In  x  10*® 

Averages 

(Purified) 

100 

100 

.020 

12.500 

Stoichiometric 

200 

100 

1.48 

169.5 

Ratio 

300 

100 

35.0 

7.17 

10. 583  6 100F 

(0.075  Inch) 

100 

200 

.045 

10.800 

200 

200 

2.80 

208.5 

300 

200 

65.00 

7.69 

176.03  6  200F 

1.00 

300 

.089 

8.450 

200 

300 

5.00 

150. 1 

300 

300 

97.00 

7.76 

7.  54  @300F 

(Purified) 

100 

100 

.010 

28. 000 

Intermediate  Ratio 

200 

100 

2.35 

119.2 

(0.067  Inch) 

300 

100 

125.00 

2.24 

100 

200 

.045 

12, 490 

200 

200 

5.85 

95.8 

300 

200 

265.00  ' 

2.12 

100 

300 

.038 

21,700 

200 

300 

6.75 

124.5 

300 

300 

360.00 

2.34 

(Purified) 

100 

100 

.00014 

1,800,000 

Non-Stoichiometric 

200 

100 

0.77 

376.0 

Ratio 

300 

.  100 

750. 00 

0.35 

(0.  072  Inch) 

100 

200 

.00010 

5.225,000 

200 

200 

1.10 

475.0 

300 

200 

1, 250.00 

0.42 

100  ' 

300 

.00016 

4,  900, 000 

200 

300 

1.65 

474.0 

300 

300 

2,  100.00 

0.373 
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Table  11 


Volume  Resistivity  from  Electrical  Conductivity  Data  - 
AM-1  Phenolic  Compound 


Teat 

Volume 

Material 

Temp 

E 

i 

Reaiativity 

Thickneaa 

°F 

Volta 

(NA) 

(Ohm -In  xlO10) 

Average 

(0.070  Inch) 

100 

100 

0.  5 

587.0 

200 

100 

15.0 

18.0 

300 

100 

190.  0 

1.4 

556.0  100F 

100 

200 

1.0 

540.0 

200 

200 

32.0 

16.9 

300 

200 

420.0 

1.3 

1 7.  0  @  200F 

100 

300 

1.5 

540.0 

200 

300 

50.0 

16.2 

300 

300 

620.  0 

1.3 

1.3  @300F 

G.  Component  Testing 

The  latter  part  of  the  program  waa  devoted  primarily  to  review  of 
the  data  acquired  and  to  conducting  experiments  which  could  conceivably 
correlate  the  data  and  failure  mechanisms.  Of  particular  intereat  waa 
the  ammonia  diacovered  in  the  AM-1  molding  compound  and  the  infor¬ 
mation  acquired  by  the  elevated  temperature  experimenta. 

1.  Diode  Ammonia  Expoaure.  Aa  indicated  previously,  ammonia 
waa  found  in  the  AM-1  molding  compound  uaed  by  a  vendor  to  encaae 
diodea.  To  evaluate  the  effect  of  ammonia  gaa  environment*  on  diodea, 
bare  and  pasalvated  or  paaaivated  coated  with  one  of  several  plaatic 
ayatema  were  exposed  to  the  different  gas  environment*  and  100-vdc 
reverse  bias.  Table  12  present*  the  protective  plastic  ayatema  and  the 
teat  condition*.  Due  to  the  insufficient  number  of  test  diodes  at  ailable 
initially,  only  three  or  four  wore  used  in  each  combination  of  protec¬ 
tive  coatings  and  gas  environment.  The  dry  ammonia  and  dry  nitrogen 
gases  used  in  these  testa  were  as  received  from  the  manufacturer. 
Calculations  based  on  the  moisture  maximum  content  specified  for  the 
ammonia  revealed  that  it  contained  leas  moisture  than  air  dried  over 
calcium  chloride.  The  moist  gases  were  obtained  by  bubbling  the  dry 
nitrogen  and  the  dry  ammonia  through  water  and  concentrated 
ammonium  hydroxide,  respectively,  which  were  then  filtered  through 
glass  wool  prior  to  injecting  into  the  test  chamber,  which  consisted  of 
a  test,  tube  containing  the  mounted  diode' with  electrical  connections. 
Reverse  bias  voltages  were  applied  to  the  diode  under  these  test  con¬ 
ditions  after  approximately  24  hours  of  exposure  to  the  gases.  The 
results  including  average  reverse  currents  as  a  function  of  time  are 
shown  in  Figures  9  and  10  and  indicate  that  higher  and  more  erratic 
currents  are  obtained  in  the  presence  of  ammonia.  In  comparison 
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most  of  the  diodes  in  nitrogen  remain  fairly  constant.  In  addition,  the 
reverse  currents  of  the  diodes  exposed  to  ammonia  remained  stable  for 
a  number  of  hours  and  then  changed,  sometimes  drastically,  as  indi¬ 
cated  in  curve  C.  The  relatively  high  currents  of  the  normal  case 
diodes  may  result  from  the  porosity  of  the  AM-1  molding  compound 
coupled  with  the  previous  subjection  of  the  diodes  to  ammonia  gas  under 
heat  and  pressure  during  the  molding  operation. 


Table  12 

Diode  Ammonia  Exposure 


Designation 

Coating  System 

Gas  Atmosphere 

A 

Uncoated  diodes 

Dry  nitrogen 

B 

Normal  case  diodes* 

Dry  nitrogen 

C 

AC-1  alkyd- silicone  coating 

Dry  nitrogen 

D 

CC-1  alkyd- silicone  coating 

Dry  nitrogen 

E 

Uncoated  diodes 

Dry  ammonia 

F 

Normal  case  diodes 

Dry  ammonia 

C 

Afc-1  alkyd- silicone  coating 

Dry  ammonia 

H 

CC-1  alkyd-  silicone  coating 

Dry  ammonia 

I 

Uncoated  diodes 

Moist  nitrogen 

J 

Normal  case  diodes 

Moist  nitrogen 

K 

AC-1  alkyd- silicone  coating 

Moist  nitrogen 

L 

CC-1  alkyd- silicone  coating 

Moist  nitrogen 

M 

Uncoated  diodes 

Moist  ammonia 

N 

Normal  case  diodes 

Moist  ammonia 

O 

AC-1  alkyd- silicone  coating 

Moist  ammonia 

P 

CC-1  alkyd- silicone  coating 

Moist  ammonia 

♦The  standard  completed  diodes  were  coated  with  the  AC-1  coating 
and  then  molded  with  the  AM-1  compound. 
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Figure  9 

Diode  Leakage  in  Dry  Ambients 
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Figure  10 


Diode  Leakage  in  Moist  Ambients 
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2.  Diode  Elevated  Temperature  -  High  Humidity  Testing.  In  the 
second  series  of  component  testSi  diodes  were  coated  with  stoichio- 
metric  and  nonstoichiometric  mixtures  of  the  epoxy-anhydride  and 
Teflon  as  previously  reported  and  were  mounted  in  test  tubes  and  sub¬ 
jected  to  reverse  bias  and  high  relative  humidity  or  to  100-v  reverse 
bias  and  elevated  temperatures. 

1.  Elevated  Temperature  Test 

From  the  results  in  Table  13t  the  test  data  on  IR  and  Vf ,  it 
appears  that  the  diodes  protected  with  Teflon  were  outstanding 
in  their  resistance  to  change.  The  reverse  currents 
increased  with  many  of  the  epoxy  coated  diodes  regardless  of 
the  purity  or  adherence  to  reactant  stoichiometry  which  may 
be  due  to  the  coating  being  innately  conductive  at  elevated 
temperatures.  The  forward  voltages  (Vf)  did  not  change 
drastically  on  any  of  the  diodes  regardless  of  protective 
coating. 

Table  13 

Diode  Elevated  Temperature  (Reverse  Bias  Tests) 


' 


S/N 

Diede 

Surface 

Condition 

Costing 

System* 

Initial 

Reading 

IR  <na) 

#  50  V 

IK(na)«S0  V 
After  20  hra 
•  1 50°C  and 

75  V  Rev.  Bias 

IR(na)  #50  V 
After  Addition. 

20  hour  a  #I50®C 
No  Rev.  Bias 

Vj  (mv)  %  Ima 
Initials 

V|(mv)tJ  Ima 
after  20  hra 
fe  l 50°C  and 

75  V  Rev.  Bias 

739 

Pyrolysed 

Epoxy.  Stoichiometric 
Purified 

to 

548 

572 

14 

573 

739 

Unpyrolyied 

Eposy,  Stoichiometric 
Purified 

11 

18  pa 

584 

I.Olpa 

557 

743 

Unpyrolyaed 

Epoxy.  Stoichiometric 
Purified 

14 

150  pa 

549 

40  pa 

543 

744 

Unpyrolyir-* 

Epoxy,  Non-Stoichio- 
mctric  -  Purified 

10 

220  p  a 

579 

74pa 

543 

745 

Unpyroly-cd 

Epoxy.  Non-Stoichio- 
mctric  -  Purified 

14 

152  pa 

572 

... 

535 

744 

Pyrolysed 

Epoxy,  Non-Stoichio- 
metric  -  Purified 

9 

10  pa 

575 

lOpa 

576 

754 

Unpyrolyaed 

Epoxy,  Stoichiometric 
Technical 

12 

237  pa 

572 

1 21 P  * 

647 

P? 

Unpyroiyaed 

Epoxy,  Non-Stoichio- 
metric  -  Technical 

12 

31  P» 

571 

Up  • 

541 

747 

Pyrolysed 

Non -polar  Inert  Resin 

13 

13  (na) 

575 

13 

578 

748 

Unpyrolyaed 

Non -polar  Inert  Ream 

17 

10 

574 

16 

593 

749 

Pyrolysed 

Non -polar  Inert  Rcain 

9 

9 

609 

9 

599 

770 

Unpyrolyaed 

Non -polar  Inert  Reain 

11 

9 

584 

8 

591 

771 

Unpyrolyaed 

Non- polar  Inert  Reain 

11 

13 

574 

n 

577 

772 

Pyrolysed 

Non-polar  Inert  Reain 

12 

13 

572 

n 

574 
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2.  High  Humidity  Tests 

High  humidity  tests  were  conducted  on  at  160  F  and  ?5-volt 
back  bias  under  95-percent  relative  humidity  to- determine  the 
effects  on  IR  and  Vf  which,  is  presented  in  Table  14.  The'  " 

..  Teflon  coated  diodes  showed  no  change  in  1-^,  However,  the 
diodes  coated  with  purified  and  stoichiometrically  mixed 
constituents  also  had  very  little  change  in  Ij^. 


Table  14 

Diode  Humidity  •  Reverse  Bias  Tests 


S/N 

Diode 

Surface 

.Condition 

Coaling 

Syatem 

Initial  Reading 

IR  (na)  «  50  V 

IR  (na)  50  V 
After  96  hours  fe  I60°l 
95°  to  Relative  Humldil 
75  V  Back  Bta  it 

701 

Unpyrolyaed 

Epoxy, 

Stoichiometric  -  Purified 

8 

1  1 

702 

P/colyaad 

iLpo>ty, 

Moichtorr.«c«  Ic  -  Purified 

8 

7 

70J 

Pyrolyted 

Epoxy. 

Stoichiometric  -  Perilled 

8 

9 

704 

Pyrolyted 

rpory. 

Stoichiometric  -  Purified 

6 

5 

705 

Unpyrolyaed 

Epoxy, 

Stoichiometric  •  Purified 

8 

6 

706 

Unpyrolyaed 

Epoxy. 

Stoichiometric  •  Purified 

1  1 

.1* 

707 

Pyrolyaad 

Epoxy. 

Non- Stoichiometric  -  Purified 

10 

10 

706 

Pyrolyted 

Epoxy. 

Non-Stolchlometrlc  -  Purified 

8 

7 

709 

Unpyrolyaed 

Epoxy, 

Non-Stolchlometrlc  -  Purified 

13 

8 

710 

Pyrolyied 

Epoxy. 

Non-Stolchlometrie  -  Purified 

I! 

69  pi 

711 

890  pi 

00 

711 

Unpyroly  ted 

It 

00 

713 

Pyrolyied 

E(X»xy. 

Stoichiometric  -  Technical 

10 

9 

7M 

Pyrolyted 

Epoxy, 

Stolchlomtirlc  -  Tichntcil 

8 

9 

715 

Unpyrolyaed 

Epoxy, 

St?‘fM?rrdr!c  -  T»rhnlral 

9 

00 

714 

Unpyroly tad 

Epoxy, 

Stoichiometric  -  Technical 

13 

650 

717 

Unpyrolyaed 

Epoxy. 

Stoichiometric  -  Technical 

... 

00 

7 1  9 

Pyrolyied 

Epoxy, 

Non-Slolchlometric  -  Technical 

9 

9 

720 

ryrolyied 

Epoxy, 

Non-Stolchlometrlc  -  Technical 

1 1 

9 

721 

Py*  lyaed 

Epoxy. 

Non-Stolchlometrlc  -  Technical 

10 

193 

722 

Unpyrolyaed 

Epoxy. 

Non-Stolchlometrlc  -  Technical 

16 

00 

723 

Unpyrolyaed 

Epoxy, 

Non-Stolchlometrlc  -  Technical 

12 

199 

724 

Unpyrolyaed 

Epoxy, 

Non-Stolchlometrlc  -  Technical 

14 

1  1 

725 

Pyrolyted 

Uncoated 

9 

00 

7*6 

Pyrolyted 

Uncoated 

6 

00 

731 

Pyrolyied 

Teflon 

11 

8 

732 

Unpyrolyaed 

Teflon 

12 

12 

733 

Pyrolyted 

Teflon 

8 

B 

734 

Pyrolyted 

T  eflon 

32 

13 

735 

Unpyrolyaed 

Teflon 

9 

9 

736 

Unpyrolyaed 

Teflon 

17 

19 

H.  Mechanism  of  Ammonia  Evolution 

Ammonia  was  found  to  be  present  on  diodes  encapsulated  with 
phenolic  molding  compound  as  indicated  by  pH  (Section  III.  C)  and  con¬ 
firmed  by  infra’-  1  spectra  (Section  HI.  A).  This  was  found  to  affect 
the  Ir  as  shov  n  the  test  tube  experiment  in  which  a  diode  was  sealed 
in  a  moist  ai:...ionia  environment  (Section  HI.  G).  Thermogravimetric 
analysis  of  the  phenolic  molding  compound  indicated  that  the  cured 
material  began  to  lose  weight  almost  immediately  above  room  tempera¬ 
ture  whereas  the  uncurcd  material  was  stable  up  to  120  C.  This 


490 


difference  may  be  explained  by  an  understanding  of  polymer  chemistry 
involved.  In  the  curing  of  phenolics,  a  latent  curing  agent  is  used 
which  remains  unreactive  until  the  desired  decomposition  temperature 
is  reached.  In  the  decomposition,  formaldehyde  is  formed  which  is 
the  active  cross-linking  agent,  but  a  byproduct,  NH^,  is  also  produced 
which  apparently  becomes  entrapped  in  the  molded  plastic.  The 
mechanistic  equation  for  the'de«*mposition  of  the  curing  agent 


/ 


methylenetetramine)  is  as  follows: 
ai 

*S. 

CH  I  „  „  _ 

2|  TO‘*2V“ 


4  KH  -r  ?  H 
3 


0 


SH 


CH 


CH 


CH. 


It  is  apparent  from  the  curves  that  the  latent  curing  agent  is  decomposed 
at  about  120  C,  whereas  in  the  cured  system,  it  has  already  undergone 
decomposition.  The  release  of  this  gas  is  manifest  in  the  curves  for 
the  cured  material.  The  produces  formed  depend  on  the  ratio  of  the 
resin  to  hexamethylenetetramine  with  about  50  to  75  percent  of  the 
nitrogen  added  becoming  bound  to  the  molecule,  while  the  remainder 
is  released  as  ammonia. 


IV.  SUMMARY 

The  investigation  has  been  primarily  concerned  with  a  search  for 
factors  pertinent  to  mechanisms  of  failure  in  microdiode  values  which 
entailed  design  and  screening  evaluation  of  various  experimental  and 
analytical  approaches.  The  data  produced  by  this  effort  was  reviewed 
for  applicability  to  known  or  conjectured  mechanisms  of  failure  which 
were  then  applied  to  these  components  to  verify  postulated  hypotheses. 

The  interesting  results  of  the  program  include: 

1.  The  discovery  of  ammonia  in  a  phenolic  molding  compound 
used  by  a  diode  manufacturer.  Further  work  revealed  that 
ammonia  contamination  produced  increased  and  erratic 
reverse  currents  and  was  more  pronounced  in  the  presence 
of  moisture. 

2.  The  revelation  of  the  presence  of  ammonia  and  other  deficien¬ 
cies  in  this  molding  compound  induced  the  manufacturer  to 
investigate  other  compounds  and  substitute  a  better  one. 

3.  The  elevated  temperature  resistivities  of  coatings  were  a 
measure  of  the  performance  of  these  materials  as  protective 
systems  over  diodes  under  elevated  temperature  test  conditions. 

4.  In  some  plastic  compounds,  a  correlation  was  found  between 
elevated  temperature  resistivities  and  water  extract 
resistivities. 
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5.  Teflon,  an  Inert  coating  with  a  very  high  elevated  temperature 
reeiativity  and  high  water  extract  resistivity,  was  demon¬ 
strated  to  have  superior  performance  under  elevated  temper¬ 
ature  reverse  bias  and  high  humidity  reverse  bias  test 
conditions. 

6.  The  resistivity  of  water  extracts  of  evaporants  was  found  to 
be  an  effective  means  of  indicating  the  amount  of  ionic  and 
other  conductive  impurities  in  plastic  materials. 
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INVESTIGATION  OF  SURFACE  FAILURE  MECHANISMS  IN 
SEMICONDUCTOR  DEVICES  BV  ENVELOPE 
AMBIENT  STUDIES 


G.V.  Brandewie,  P.  H.  Eisenberg,  and  R.  A.  Meyer* 

Autanetict,  a  Division  of  North  American  Aviation,  Inc. , 
Anaheim,  California 


1.  INTRODUCTION 

» 

Routine  failure  analysis  at  Autonetics  indicated  that  a  large  per¬ 
centage  of  devices  with  surface  associated  failure  modes  could  be 
returned  to  original  operating  levels  by  opening  the  device  package  and 
releasing  the  enclosed  gas  ambient.  Such  a  recovery  indicated  that  the 
composition  of  the  ambient  encapsulated  in  a  semiconductor  device 
package  could  have  an  important  effect  on  the  stability  of  the  electrical 
parameters  of  the  device. 

Some  of  these  effects,  e.  g. ,  Ip  in  diodes  and  I^BO  ^  transistors, 
have  been  directly  related  to  the  extreme  surface  sensitivity  of  semi¬ 
conductor  materials  (Ref  1  and  2).  Surface  phenomena  have  been  the 
subject  of  many  investigations  since  a  large  portion  of  undefined  failure 
mechanisms  in  solid  state  deviceshave  been  postulated  to  be  attributable 
to  surface  effects.  Adsorbed  gas  atoms  on  the  surface  have  been  found 
to  affect  surface  charge  concentrations,  thus  contributing  to  inversion 
layers  or  conductivity  type  changes  (Ref  3). 

The  Physics  of  Failure  Program  on  Minuteman  U  electronic  devices 
further  indicated  the  need  to  study  gas  ambient  mechanisms  in  greater 
detail.  A  method  was  developed  to  analyse  the  gas  ambient  of  good  and 
failed  devices  by  use  of  a  CEC  21-103C  mass  spectrometer  with  a  mass 
range  of  1-1400  and  unit  resolution  at  mass  700.  These  techniques  were 
developed  so  that  the  device  junction  would  not  be  destroyed  when  the 
package  was  opened.  Therefore,  electrical  measurements  could  be 
made  before,  during,  and  after  removal  of  the  ambient  and  after  back-  - 
filling  with  selected  ambients.  Other  techniques  were  developed 
utilising  the  gas  chromatograph  for  analysis. 


*North  American  Aviation  Science  Center. 
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This  paper  describes  several  examples  in  which  device  package 
gas  ambients  were  an  important  factor  regarding  the  failure  mechan¬ 
isms.  The  survey  of  Minuieman  II  transistor  and  integrated  circuit 
package  ambients  indicated  that  the  gases  present  are  a  result  of  the 
manufacturing  processes  and  are  not  well  controlled. 

II.  ANALYTICAL  TECHNIQUES  FOR  GAS  AMBIENT  ANALYSIS 

The  two  analytical  techniques  utilized  for  this  investigation  were 
gas  chromatography  and  mass  spectrometry.  Each  has  distinct 
advantages  and  disadvantages  when  applied  to  the  analysis  of  micro 
i  quantities  of  gas  within  electronic  packages.  A  mass  spectrometer  is 

'  a  molecular  sorter  based  solely  on  the  weight  of  the  molecule.  It  also 

(  generates  a  fragmentation  pattern  which  is  uniquely  representative  of 

|  die  molecule.  Figure  1  shows  a  simplified  diagram  of  a  180*  single 

focusing  mass  spectrometer.  Each  chemical  compound  has  a  unique 
j  repeatable  fragmentation  pattern  and  sensitivity.  Thus,  both  qualita¬ 

tive  and  quantitative  examination  of  a  mixture  is  possible.  No  prior 
knowledge  of  the  sample  composition  is  necessary  since  all  samples 
are  run  under  the  same  conditions.  Routine  analysis  can  be  made  for 
gases  such  as  hydrogen,  helium,  oxygen,  nitrogen,  benzene,  and  for 
as  many  as  25  other  compounds  in  a  single  run.  A  view  of  the 
CEC  21-103C  mass  spectrometer  used  in  this  program  is  shown  in 
Figure  2. 


r igure  i 


Simplified  Diagram  of  a  180r  Single  Focusing 
Mass  Spectrometer 
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Figure  2 

The  Mass  Spectrometer  Installation 


The  volume  of  gaa  in  a  TO- 50  flat  package  is  5000  micron-cc 
which  is  well' within  the  sample  size  requirements  of  30  micron-cc  for 
the  mass  spectrometer.  The  gas  quantity  unit,  micron-cc,  refers  to 
one  cubic  cenjtlmetar  of  gas  at  a  pressure  of  one  micron  of  mercury. 
This  is  the  result  of  multiplying  gas  volume  in  cubic  centimeters  by 
the  pressure  in  microns  of  mercury.  There  are  16.  4  t.  '  per  cubic 
inch  and  760,  000  microns  per  standard  29. 9-inch  atmosphere. 

r 

The  apparatus  shown  in  Figure  3  was  used  with  the  mass  spectrom¬ 
eter  for  the  encapsulated  gas  analysis  studies.  The  device  was 
mounted  on  the  Teflon  pedestal  and  positioned  so  that  the  puncturing 
point  entered  the  package  without  damaging  the  device.  The  apparatus 
was  connected  to  the  mass  spectrometer  inlet  system,  and  the  system 
was  evacuated;  the  point  was  then  advanced  to  puncture  the  device  top 
and  release  the  encapsulated  gas  into  the  mass  spectrometer  for 
analysis.  Electrical  connections  were  available  via  a  vacuum  seal  in 
the  base  of  the  apparatus.  The  device  leads  were  connected  to  an 
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external  teat  circuit  for  continuous  monitoring  of  electronic  parameters 
before  and  during  the  remoral  of  the  encapsulated  gas.  Other  leads 
furnished  power  for  a  small  heater  in  the  mounting  pedeetal  which 
allowed  heating  the  derices  up  to  200  C.  Conrentionally,  a  30- second 


Apparatus  for  Device  Package  Ambient  Analysis 
Without  Electrical  Deet ruction 


The  apparatus  shown  in  Figures  4,  5,  and  6  has  been  designed 
for  the  testing  of  large  numbers  of  parts  at  the  sacrifice  of  continuous 
electrical  parameter  monitoring  of  the  device.  Even  though  the  num¬ 
ber  of  devices  being  tested  was  increased  from  one  to  ten.  the 
evacuation  time  remained  constant.  ' 

The  single  device  apparatus.  Figure  3.  is  adaptable  to  the 
determination  of  the  effect  of  ambient  gas  upon  electronic  parameters 
by  additional  valving  for  backfilling.  After  the  encapsulation  gas  had 
been  removed,  the  system  was  backfilled  with  the  desired  gas  while 
continuously  monitoring  the  electronic  parameters  through  the  vacuum 
seal  connections. 
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Figure  4 


Outer  Appearance  of  the  My ltipur. cto r e r  (With  This  Device, 
10  Packages  Maybe  Punctured  Consecutively) 


Figure  5 


Inner  Appearance  of  the  Multipuncturer 


Figure  6 


The  Multipuncturer,  Connected  to  the  Mass  Spectrometer, 
in  the  Process  o£  Puncturing  a  Package 
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The  gas  chromatograph  may  be  best  compared  to  a  distillation 
column.  Figure  7  shows  the  progress  of  an  analysis  in  six  time  cross- 
sections.  In  the  first  or  top  line,  the  sample  mixture  has  just  been 
injected  into  the  flowing  carrier  gas  stream.  In  the  second,  the  sample 
slug  had  advanced  into  the  column  impelled  by  the  carrier  gas,  and 
component  A,  by  virtue  of  its  more  rapid  transit  character,  is  separ¬ 
ating  from  B.  In  the  third,  A  and  B  are  w-U  separated,  and  in  the  last 
three,  A  and  B  successively  pass  through  the  detector  causing  excur¬ 
sions  of  the  recorder  pen.  In  general,  the  area  under  the  peak  is  a 
measure  of  the  gas  quantity.  The  separation  columns  must  be  carefully 
selected  to  separate  the  compounds  of  interest.  Thus,  a  column  suit¬ 
able  for  oxygen  and  nitrogen  separation  holds  carbon  dioxide  and  heavy 
hydrocarbon"  indefinitely,  A  column  suitable  for  hydrocarbons  of  the 
C5  range  will  not  separate  hydrogen,  air,  and  methane,  etc.  It  is 
therefore  evident  that  if  there  is  only  a  email  amount  of  gas  available 
such  as  that  within  a  device,  prior  knowledge  of  the  sample  composition 
is  mandatory.  It  is  possible  to  have  components  in  a  package  which  are 
not  separable  in  a  single  run  due  to  column  limitations.  The  sensitivity 
of  a  gas  chromatograph  varies  greatly  with  the  thermal  conductivity  of 
the  compounds  to  detected.  Typical  easily  attained  values  for  oxygen 
and  nitrogen  are  3lnicron-cc  or  about  10  times  the  sensitivity  of  the 
mass  spectrometer.  Hydrocarbons  may  be  analyzed  by  another  type  of 
detector  and  may  be  detected  in  quantities  as  small  as  1/1000  of  a 
micron-cc. 
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Figure  7 

Ga  s  Chromatograph  Analysis 
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Most  devices  having  leaky  2c«Is  may  be  identified  by  their  lower 
pressure  or  entire  lack  of  gas.  During  the  evacuation  of  the  opening 
apparatus,  the  outside  of  the  device  is  exposed  to  a  very  low  pressure 
(XO-^  Torr).  The  encapsulated  gas  will  be  withdrawn  through  the  leak 
at  a  rate  proportional  to  the  size  of  the  hole.  Assuming  complete 
equilibration  with  atmospheric  pressure,  a  TO-50  would  contain 
approximately  11,  000  micron-cc  of  gas.  An  initial  leak  rate  of 
2  x  lO*^  cc-atm/sec  would  halve  the  internal  pressure  in  the  15-hour 
evacuation  period,  and  a  leak  rate  of  2  x  10“^  would  not  leave  enough 
gas  to  be  measured  under  these  experimental  conditions.  Hermeticity 
testing  of  devices  before  gas  analysis  will,  however,  screen  out 
leakers. 

The  determination  of  water  warrants  special  mention.  Surface 
adsorption  of  water  in  the  sample  handling  system  complicates  the 
water  determination.  It  is  very  easy  to  lose  2  x  10"  ^  grams  of  water, 
which  represents  5  gas  volume  percent,  on  the  walls  of  the  sample 
system.  Therefore,  the  data  reported  as  gas  volume  percent  water 
must  be  viewed  as  a  minimum  value.  The  numbers  are  comparative, 
however,  and  indicate  that  one  device  contains  more  water  than 
another. 


III.  SEMICONDUCTOR  DEVICE  GAS  AMBIENT  EXPERIMENTS 
A.  Minuteman  Transistor  Gas  Ambients 

The  gas  content  in  packages  has  been  reported  as  being  an 
important  factor  contributing  to  electrical  failure.  The  objective  of 
this  program  was  to  discover  what  relations  existed  between  the  types 
of  gases  found  enclosed  in  transistor  packages  and  their  Iqbo  ’  ^FE  ’ 
and  other  electrical  characteristics. 

A  summary  of  the  gas  contents  identified  in  several  types  of 
CQAP  Minuteman  transistors  is  shown  in  Table  1.  The  percentages 
represent  average  values  of  all  the  units  of  each  device  type  analyzed. 
The  data  shows  the  predominant  encapsulating  ambient  to  be  Ng  . 
However,  assuming  the  manufacturer's  attempt  to  package  with  pure 
nitrogen  (100  percent),  the  values  range  from  87.  5  percent  to  99.  ^  per¬ 
cent.  An  exception  is  the  power  transistor  (Manufacturer  Y)  who 
packages  in  an  atmosphere  containing  a  high  percentage  of  helium  as  an 
aid  in  leak  detection.  Analyses  of  device  ambients  consistently  include 
CO,  COg.  Og,  H;>,  and  ssorted  hydrocarbons. 
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Measurable  quantities  of  moisture  were  detected  in  the  package 
of  only  one  manufacturer.  However,  as  mentioned  earlier  in  describ¬ 
ing  the  equipment,  it  is  believed  that  moisture  from  the  sample  is  con¬ 
densed  inside  the  mass  spectrometer.  It  is  estimated  that  in  a  typical 
flat  type  package,  moisture  contents  below  5  percent  by  volume  may  be 
undetectable  due  to  the  adsorption  on  the  walls  of  the  equipment.  Tests 
are  currently  in  process  to  quantitatively  determine  this  adsorption 
loss.  Samples  of  various  gases  will  be  saturated  with  moisture  at  care¬ 
fully  controlled  temperatures  and  the  quantity  of  moisture  determined 
using  dew-point  apparatus.  Samples  will  then  be  placed  in  the  mass 
spectrometer  at  a  given  temperature  and  analyzed  using  normal  pro¬ 
cedures.  The  difference  in  the  moisture  content  before  and  after  the 
analysis  will  be  attributed  to  adsorption  on  the  system  walls. 

A  summary  of  gas  ambients  noted  in  pnp  signal  dual-chip 
transistors  from  one  manufacturer  as  a  function  of  electrical  failure 
indicators  is  given  in  Table  2.  The  results  indicate  deviations  from 
the  planned  pure  N£  ambient.  Water  vapor  was  found  in  ^FE 

failures  but  not  in  electrically  good  devices.  Also,  good  and  IcBO 
failed  devices  had  less  O2  than  the  other  two  types  of  failed  devices. 


Table  2 

Gas  Ambient  in  PNP  Signal  Transistors  from  Manufacturer  X 
as  a  Function  of  Electrical  Condition 


Average 

Percent 

of 

Good 

Devices 

ICBO 

Failures 

hFE 

Failures 

Beta  Ratio 
Failures 

Empty 

Packages 

H2 

3.  2 

2.  4 

1.5 

1.4 

- 

CH4 

0.  6 

0.  2 

0.6 

0.  5 

- 

A 

0.  7 

0.  7 

0.9 

0.  8 

0.  5 

N2 

90.  0 

80.  7 

91.  0 

90.  3 

89.  5 

°2 

1.  8 

1.  5 

3.  3 

4.  2 

8.  8 

C°2 

1.9 

2.  6 

1.  2 

2.  3 

0.4 

CO 

1.  8 

3.  4 

1.  2 

0.5 

0.  8 

H?0 

- 

8.  5 

0.  3 

- 

- 

Average 

V  olume 
(p-cc) 

4,  300 

4,  000 

3,400 

3,900 

_ 

4,  000 
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In  contrast,  experiments  at  Motorola  (Ref  3)  have  shown  that  an 
npn  device  hpp;  degradation  occurred  when  stored  at  300  C  in  Nj;  and 
would  recover  upon  storage  in  Op  at  300  C,  or  in  an  ambient  containing 
02*  The  degradation  was  related  to  surface  channel  formation.  It  is 
possible  that  the  mechanism  described  is  not  only  a  function  of  the 
ambient  present  but  also  dependent  on  the  composition  or  partial 
pressure  of  each  gas  as  described  by  Nicholson  (Ref  4).  Obviously, 
more  work  is  needed  to  understand  gas-surface  reactions  to  facilitate 
the  postulation  of  general  models  which  will  explain  the  apparent 
discrepancies  among  experimenters. 

In  an  attempt  to  determine  the  origin  of  the  contaminants  in  the 
packages  of  these  transistors,  the  manufacturer  was  asked  to  seal 
some  "empty"  packages  (without  the  active  semiconductor  die  and 
related  process  steps).  The  results,  also  shown  in  Table  1,  indicate 
the  empty  packages  contained  no  detectable  CH4,  very  little  H2,  less 
CO2  and  CO,  and  more  O2.  These  differences  may  be  related  to  the 
absence  of  the  die. 

B.  Effects  of  Temperature  +  Ambient  +  Bias  on  Transistors 

A  manufacturer  X  dual  pnp  signal  transistor,  determined  to  have 
the  most  stable  leakage  current  among  many  tested,  was  selected  for 
gas  contamination  studies.  Gas  analysis  showed  only  nitrogen  present 
in  the  package  when  it  was  opened.  Table  3  shows  the  variation  of 
ICBO  f°r  t^le  two  transistors  in  this  package  when  the  transistors  could 
be  inverted  under  normal  stress  conditions  of  -46  volts  at  200  C  for 
several  hours.  In  Table  3,  it  is  seen  that  even  though  A  was  biased 
while  B  was  not  biased  before  and  after  puncturing  the  can,  both  units 
were  stable  after  a  150  C  vacuum  bake  overnight.  After  the  can  was 
filled  with  hot  benzene  and  baked  overnight,  the  leakage  current  of 
A  (biased)  increased  three  orders  of  magnitude  while  that  of  B 
(unbiased)  remained  unchanged.  After  the  benzene  was  pumped  out  and 
both  transistors  were  subjected  to  hot  water  vapor  over  60  hours,  the 
biased  unit  degraded  almost  another  order  of  magnitude  but  the 
unbiased  unit  remained  unchanged.  The  leakage  current  of  the  biased 
transistor  was  restored  to  its  original  low  value  after  it  was  vacuum 
baked  with  no  bias  for  5  hours.  Later  the  condition  of  A  and  B  were 
reversed  in  that  unit;  A  was  not  biased  while  unit  B  was  biased.  After 
a  hydrogen  bake  of  150  C  overnight,  unit  A  was  still  unchanged  while 
B  degraded  almost  three  orders  of  magnitude.  A  5-hour  300  C  bake 
without  bias  did  not  alter  A  and  restored  B  to  its  original  current 
value. 
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Table  3 


Icbo  ^or  Manufacturer  X  Dual  PNP  Signal  Transistor 
Subjected  to  Various  Conditions 


(All  Measurements  in  Nanoamps  at  Room  Temperature 
with  20  Volts  Reverse  Bias} 


Condition 

Transistor  A 

Transistor  B 

i. 

Before  vacuum  bake-out 

3.  0 

2.  5 

2. 

150  C  vacuum  bake  overnight  with 

120  volts  sweep  bias  on  A  but  no 
bias  on  B 

3.  0 

2.  5 

3. 

Heated  to  150  C,  punctured  at  150  C 

2.5 

2.  5 

4. 

Filled  with  hot  benzene  vapor  over¬ 
night 

2, 

400 

2.  5 

5. 

Benzene  pumped  out  at  R,  T.  ,  over 
weekend  in  hot  water  vapor 

10, 

000 

2.  5 

6. 

Five  hour  300  C  vacuum  bake  with 
no  bias  on  A  or  B 

2.  5 

2.  5 

7. 

Filled  with  hydrogen  followed  by 

150  C  bake  overnight  with  no  bias  on 
A  but  100  volts  sweep  bias  on  B, 
cooled  to  R.  T.  followed  by  vacuum 
of  10“3  Torr 

2.5 

30 

8. 

Filled  with  carbon  dioxide  followed 
by  150  C  bake  overnight  with  no 
bias  on  A  but  100  volts  sweep  bias 
on  B,  cooled  to  R.  T.  followed  by 
vacuum  of  10_3  Torr 

3.  0 

650 

9 

Five  hour  300  C  bake  with  no  bias 
on  A  or  B,  cooled  to  R.  T. 
followed  by  vacuum  of  10”  3  Torr 

3.  0 

3.  0 

The  aboTre  results  show  that  these  types  of  transistors  can  be 
inverted  under  certain  conditions  only  when  bias  voltage  is  applied, 
and  that  they  can  be  restored  to  their  original  leakage  current  values 
by  baking  them  without  Has.  These  results  agree  with  the  surface 
inversion  model  of  Atalla  (Ref  5)  in  which  surface  charge  separation  is 


505 


induced  by  a  fringing  electric  field.  It  is  postulated  that  the  ..  urface 
charge  distribution  is  dependent  on  the  gas  composition  present. 

C.  Minuteman  Integrated  Circuit  Gas  Ambients 


A  survey  of  the  ambients  used  in  integrated  circuits  indicated 
considerable  differences  among  manufacturers  as  indicated  in  Table  4. 
Major  constituents  of  nitrogen,  hydrogen,  and  oxygen  were  found  in 
the  three  manufacturer's  devices  analyzed..  Device  to  device  varia¬ 
tions  were  high  indicating  poor  process  control.  For  example,  mass 
spectrometric  results  on  integrated  circuits  from  manufacturer  Y 
showed  up  to  95  percent  H-  in  the  package  ambients  while  the  manu¬ 
facturer  indicated  the  ambient  as  pure  Nj, 

Individual  device  abnormalities  not  easily  detectable  from  the 
average  values  in  the  figure  are  worth  mentioning.  A  high  percentage 
of  manufacturer  X's  integrated  circuits  contained  at  least  a  trace  of 
benzene  (C6H6)  which  possibly  originates  as  a  curing  agent  for  the 
silicone  coating  used  to  coat  the  die  surface.  Two  manufacturer  Y  units 
showed  the  presence  of  Freon  12  {dichloro-difluoro  methane)  which  was 
attributed  to  the  use  of  this  gas  for  gross  leak  testing  by  this 
manufacturer. 

Manufacturer  Y  used  H2  as  part  of  a  reducing  atmosphere  during 
his  lidding  operations  to  effect  a  hermetic  package.  Thermocompres¬ 
sion  bonding  experiments  at  Autonetics  had  indicated  a  drastic  increase 
in  beta  (or  hp-g)  when  forming  gas  (15  Hg/85  N2)  was  used  as  a 
protective  blanket  during  the  bonding,  usually  at  330  C.  To  evaluate 
the  observed  changes,  several  devices  were  tested  before  and  after 
"baking"  at  330  C  for  different  lengths  of  time,  while  being  subjected  to 
various  ambients  (forming  gas,  pure  hydrogen,  and  pure  nitrogen). 

The  results  indicated  that  the  beta  increase  was  due  to  the  hydrogen. 
Experiments  with  samples  from  several  vendors  consistently  indicated 
an  increase  in  beta  at  different  rates.  This  phenomenon  was  associ¬ 
ated  with  H£ -oxide  interactions  which  varied  from  manufacturer  to 
manufacturer  depending  on  the  oxide-silicon  structure  which  is  a  func¬ 
tion  of  oxide  processing  variables.  It  must  be  pointed  out  that  these 
experiments  were  on  special  test  devices  from  various  manufacturers 
and  did  not  include  actual  devices  from  manufacturer  Y. 

Since  so-called  "hermetic"  packages  have  a  leak  rate  over  a 
period  of  time,  the  package  would  become  depleted  in  H2  and  result  in 
electrical  drift.  The  effect  of  a  package  leak,  which  would  change  the 
internal  package  ambient,  was  simulated  in  manufacturer  Y  devices  by 
puncturing  packages  with  a  small  hole.  Initial  electrical-measurements 
before  and  immediately  after  showed  no  significant  changes  in  the  out¬ 
put  transistor  betas  of  this  integrated  circuit  type  (general  purpose 
amplifier).  It  is  planned  to  continue  to  take  electrical  measurements 
to  establish  whether  or  not  changes  will  occur  after  longer  exposure  to 
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ncnhydrogen  containing  ambients.  Also,  sealed  and  unsealed  units  will 
be  baked  at  elevated  temperatures  in  order  to  accelerate  changes. 

Further  reference  to  Table  4  indicates  on  first  glance  what  might 
appear  to  be  an  error.  The  flat  packs  used  by  the  three  manufacturers 
have  approximately  the  same  internal  pressure-volume  (pv).  However, 
the  data  indicates  the  gas  volume  of  manufacturer  A  (6200  p-cc)  to  be 
much  greater  than  that  of  manufacturer  Y  (2600  p-cc)  and  manufac¬ 
turer  Z  (3400  ii-cc).  Examination  of  the  packaging  processes  used, 
however,  explains  this  difference.  Manufacturer  X  uses  a  room 
temperature  welding  operation,  manufacturer  Y  uses  a  metal  brazing 
operation  at  approximately  350  C»  and  manufacturer  Z  uses  a  glass 
sealing  operation  at  above  300  C.  After  sealing,  the  gas  in  the  heated 
parts  cools  which  forms  a  partial  vacuum  inside  the  package  and 
accounts  for  the  lower  observed  gas  pressure-volume. 

D.  Sources  of  Ambient  Contaminants 

The  most  logical  source  of  contaminants  in  the  enclosed  package 
gas  is  the  gas  immediately  outside  of  the  package.  The  nermeticity  of 
packages  is  a  relative  factor  based  on  gas  leak  rates  expressed  in 
atm-cc/sec.  High  reliability  semiconductor  devices,  such  as  used  on 
the  Minuteman  Program,  have  a  specification  required  leak  rate  of 
less  than  1  x  10*8  atm-cc/sec  of  helium. 

For  one  hole  through  a  package  wall  .  10  mils  thick,  the  diameter  of 
the  hole  for  10-8  atm-cc/sec  is  about  0,  1  micron  assuming  viscous 
flow,  molecular  streaming,  or  diffusion.  Therefore  at  this  particular 
leak  rate  the  leakage  is  as  fast  by  interdiffusion  of  gases  with  nb-t'hlp.l 
pressure  difference  as  by  net  mass  flow  with  a  pres'  ire  difference.  At 
higher  leak  rates  viscous  flow  becomes  relatively  more  important  and 
at  lower  leak  rates  diffusion  becomes  relatively  more  important. 

A  program  was  established  based  on  the  gas  leak  equations  to 
examine  leak  rates  near  this  value  in  terms  of  the  effectiveness  of  a 
package  to  retard  in-leakage  of  contaminants  (as  most  packages  are 
sealed  with  a  partial  vacuum).  In  performing  this  analysis,  it  was 
assumed  that  the  leakage  is  due  to  molecular  diffusion  as  contrasted 
with  viscous  flow.  The  equation  used  to  describe  the  leak  rate  was: 

t  ■K<Po-Pi' 


or 


a  kT 
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where: 


=  outside  partial  pressure  of  gas 
=  inside  partial  pressure  of  gas 
=  time 

_  R  (leak  rate)  (cc/time  unit) 
internal  volume  (cc) 

_  1  \l  mw  leak  rate  gas 

^  mw  gas  in  question 

A  typical  example  is  illustrated.  Consider  the  data  for  manufac¬ 
turer  Y  devices: 

3 

internal  volume  -  0.  014  cm 

external  pressure  -  15.  8  cm 

leak  rate  detector  gas  -  helium 

initial  internal  pressure  -  0  cm. 

The  package  internal  pressure  of  Oj  as  a  function  of  time  was  deter¬ 
mined  for  various  leak  rates  between  1  x  10"^  cc-atm/ sec  of  helium 
and  1  x  10-12  cc-atm/sec  of  helium. 

The  results,  shown  in  Figure  8,  show  that  at  the  commonly  speci¬ 
fied  leak  rate  of  1  x  10"8  cc-atm/sec,  a  package  from  manufacturer  Y 
should  have  one-half  the  external  partial  pressure  (7.  9  cm)  inside  the 
package  30  days  after  final  sealing,  assuming  the  package  was  stored  in 
air.  The  data  in  Figure  8  indicates  the  rapid  decrease  in  rate  of  oxy¬ 
gen  entering  the  package  as  the  leak  rate  decreases.  At  a  leak  rate  of 
1  x  10-10  cc-atm/sec,  approximately  3.  5  mm  of  C>2  would  be  inside 
the  package  after  3  years.  Assuming  the  critical  amount  of  oxygen 
needed  to  shift  device  properties  outside  of  the  3 -year  specification 
endpoint  is  7.  9  cm  (or  10,  5  volume  percent),  this  leak  rate  would  be 
acceptable  as  far  as  oxygen  is  concerned.  Consideration  must  be  made 
of  all  possible  gases  entering  the  package  and  also  of  gases  such  as 
hydrogen  exiting  from  the  package. 

Figure  9  shows  the  time  necessary  to  reach  7.  9  mm  O2  inside  the 
package  as  a  function  of  leak  rate.  If  we  assume  that  this  is  the  amount 
of  gas  necessary  to  degrade  the  part  outside  the  3-year  endpoint,  we 
can  then  determine  from  this  graph  the  useful  life  of  the  part,  as  a  func¬ 
tion  of  the  relative  hermeticity  of  the  package. 


t 
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Figure  8. 

Amount  of  C>2  in  an  Integrated  Circuit  Package  Vs  Time  After  Sealing 
for  Different  Package  Leak  Rates 


Other  sources  of  contaminants  include  outgassing  of  metal  parts 
inside  the  package,  residual  organic  solvents  and  cleaning  solutions  not 
thoroughly  removed  during  cleaning,  and  gaseous  products  from 
chemical  reactions, 

IV.  CORROSION  OF  ALUMINUM  INTRACONNECTS 
IN  INTEGRATED  CIRCUITS 

Integrated  circuit  failures  with  electrical  opens  or  high  resistance 
connections  were  analyzed  and  found  to  contain  corroded  aluminum 
intraconnects  (Figure  10).  Electron  microprobe  analysis  revealed,  in 
most  cases,  the  presence  of  chloride  ion  at  the  point  of  corrosion, 
Figure  11.  In  two  cases,  the  presence  of  fluoride  ion  (and  no  chloride) 
was  noted.  A  program  was  initiated  to  study  the  failure  mechanism  in 
more  detail  and  to  determine  the  ability  of  normal  burn-in  and  screen 
tests  to  cull  out  such  corrosion-prone  devices. 

The  proposed  reaction  was  postulated  to  be  as  follows  (Ref  6,  7, 
and  8): 


6HC1  +  2A1  —  2A1C13  +  3H2t 

(1) 

A1C13  +  3HOH  —  Al(OH)3  4  3HC1 

(2) 

2Al(OH)3  4  aging  -  Al^..  4  31^0 

(3) 

5)0 


TIME  (DAYS) 


Figure  9. 

Time  Necessary  to  Obtain  7.  9  cm  03  Pressure  Inside  an 
IC  Package  Vs  Leak  Rate 
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Figure  10. 

Photomicrograph  of  Aluminum  Corroaion  on  IC  Surface  (104  X) 


Figure  11. 

Microprobe  Analysis  Showing  Chlorides  in 
Corroded  Region  (280  X) 


I 

I 
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Analysis  of  the  reaction  equations  indicates  the  cyclic  nature  of  the 
mechanism.  The  aluminum  initially  reacts  on  the  chloride  ion  (HC1)  to 
form  aluminum  chloride  (Eq  1).  The  aluminum  chloride  reacts  with 
available  water  to  form  aluminum  hydroxide  and  regenerate  the  HC1, 
The  reaction  can  then  start  over.  These  reactions  indicate  that  a 
specific  amount  of  moisture  is  required  in  order  to  allow  the  reaction 
to  progress.  Otherwise,  the  amount  of  corrosion  would  depend  on  the 
amount  of  residual  HC1  in  the  package  after  sealing.  That  is,  if  the 
package  was  hermetic  and  perfectly  dry,  no  corrosion  would  occur 
after  the  initial  HC1  had  been  used  up  in  the  reaction  occurring  in 
Eq  1  above. 

The  possibility  of  obtaining  corroded  devices  in  hermetic  packages 
was  evaluated  as  a  partial  verification  of  the  failure  mechanism. 
Approximately  50  devices  were  subjected  to  hermetic  leak  tests  (both 
the  helium  fine  leak  test  aud  the  ethylene  glycol  bubble  test).  The 
devices  were  carefully  opened  so  as  not  to  allow  contaminants  to  enter 
the  package  during  the  opening  operation.  The  device  surfaces  were 
examined  at  100  magnification  for  evidence  of  corrosion.  Corrosion 
was  noted  on  devices  and  was  verified  by  electron  microprobe  analysis. 
Although  the  observed  corrosion  was  not  severe  enough  to  affect  the 
electrical  properties  at  that  time,  further  reaction  could  reduce  the 
aluminum  cross-sectional  area  with  a  resulting  reduction  in  current 
carrying  capacity. 

Samples  from  the  same  lot,  which  were  also  hermetically  tested 
but  were  not  opened,  were  submitted  for  mass  spectrometric  analysis 
of  the  package  ambient.  Analysis  showed  a  wide  variation  in  the  pack¬ 
age  ambients  from  device  to  device,  but  the  major  constituents  of  the 
gas  were  a  H2-H2  mixture.  In  two  out  of  ten  devices.  Freon  gas 
(CFjC^)  was  detected.  Microprobe  analysis  of  the  aluminum  intra¬ 
connects  of  the  device  with  the  most  Freon  (37  volume  percent)  indi¬ 
cated  extensive  fluoride  corrosion.  Attempts  to  link  the  Freon  with 
possible  chemical  corrosion  phenomena  have  not  as  yet  been  successful 
since  F reon  1 2  is  reportedly  highly  stable  and  should  not  react  with  the 
aluminum  under  normal  conditions. 

Since  devices  with  chlorine  contamination  were  electrically  good, 
it  was  necessary  to  investigate  the  possibility  of  the  reacton  continuing 
to  cause  failure  at  some  later  date.  Environmental  chambers  which 
simulated  the  device  package  were  built  with  feed-throughs  for  electri¬ 
cal  operation.  Figures  12  and  13.  Devices  with  initial  signs  of 
corrosion  and  devices  with  no  visible  corrosion  were  placed  in  the 
chambers,  and  the  chambers  were  evacuated  and  backfilled  with  those 
gases  which  were  determined  by  mass  spectrographic  analysis  to  be 
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present.  The  devices  were  operated  under  normal  conditions  and 
checked  periodically  for  further  reaction.  A  vacuum  sealed  glass  on 
top  of  the  chamber  allowed  examination  of  the  device  surface  on  the 
metal! ograph  without  removal  from  the  test  chamber.  Gas  chromato¬ 
graphic  analysis  verified  the  gas  composition  in  the  test  chambers  and 
showed  moisture  content  below  0.  05  percent  by  volume.  No  increase  i: 
corrosion  has  been  noted  after  450  hours  of  operation. 


Figure  13. 


Integrated  Circuits  Under  Electrical  Operation 
in  H^-N^  Atmosphere 


A  calculation  was  made  to  determitr-  the  critical  amount  of 
moisture  needed  to  maintain  the  reaction  and  cause  an  open  circuit. 
Corrosion  was  assumed  to  proceed  from  one  edge  of  an  aluminum  stripe 
in  all  directions  at  an  equal  rate.  The  total  corroded  area  would  then 
be  in  the  form  of  a  semicircule  of  area  1/2  ir  where  W  is  the  width 
of  an  aluminum  stripe.  If  we  as sume  the  stripe  is  3  mil  wide  and 
10,  000  A  thick,  the  total  amount  of  aluminum  to  be  corroded  is 
approximately  0.  55  x  10-9  in.  ^  or  9  x  10"9  Cm^.  Using  an  aluminum 
density  of  2.  7  gm/cm^,  the  amount  of  aluminum  to  be  corroded  is 
2.4  x  10"5  mg.  Using  Eq  1  and  2  above,  4.  8  x  lO'^mg  or  6.  0  x  10"5 
milliliters  of  water  are  needed  to  react  with  all  of  the  AiClj  reproduced. 
This  corresponds  to  a  volume  percent  of  1.  7  or  a  vapor  pressure  of 
12.  9  mm  of  H%0.  The  corresponding  relative  humidity  is  65  percent. 

The  thermodynamics  of  the  reaction  was  studied  to  determine  the 
possible  effect  of  package  hydrogen  pressure  on  the  reaction  equilib¬ 
rium.  The  free  energy  for  the  reaction  at  300  K  was  found  to  be  -85 
K-cal  per  mole  ([Ref  9).  Using  the  equation 


F300  =  RT 


In  K 
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where  AF  =  the  reaction  free  energy  at  300  K 
R  =  universal  gas  content 
T  =  temperature  in  degrees  Kelvin 
K  =  equilibrium  constant 


In  this  case,  K  can  be  relaied  to  the  pressure  of  so  that 


ln!0  PH2  =  2.  3  RT 

P  =  1021  atm 
H2 


=  62 


or 


Obviously,  this  reaction  is  not  affected  by  the  package  hydrogen  (less 
than  1  atmosphere). 


V.  OUTGASSING  OF  PLATED  METAL 
LAYERS  IN  TRANSISTORS 

A  possible  source  of  voids  in  transistor  die  bonds,  as  well  as 
package  ambient  contaminants,  is  the  outgassing  of  plated  layers  on  the 
header  during  the  bonding  operation,  thereby  forming  gas  pockets  in  the 
braze  alloy.  Figure  14.  To  study  the  contribution  of  plate  outgassing 
to  the  formation  of  voids,  samples  of  plated  wire  were  sealed  in 
evacuated  glass  vials.  Figure  15,  and  then  were  heated  at  elevated 
temperatures  for  varying  lengths  of  time.  These  vials  were  broken  and 
the  gases  collected  for  gas  chromatographic  analysis.  Moisture, 
hydrogen,  and  oxygen,  as  well  as  hydrocarbons  including  methane, 
ethane,  and  acetylene,  were  identified  among  the  outgassing  products  of 
copper,  nickel,  and  gold  plates.  A  typical  chromatogram  of  the  hydro¬ 
carbon  portion  of  gases  evolved  from  gold  plate  at  550  C  is  shown  in 
Figure  16. 

The  kinetics  of  the  outgassing  of  gold  plate  were  also  studied. 
Sample  vials  containing  gold  plated  wire  were  sealed  at  a  pressure  of 
35  microns  of  mercury  and  then  were  heated  at  temperatures  of  350, 
450,  and  550  C  for  10  minutes,  1  hour,  and  4  hours  at  each  tempera¬ 
ture.  The  volume  of  gold  plate  in  each  sample  was  determined,  and  an 
outgassing  rate  in  units  of  milliliters  of  gas  per  cubic  centimeters  of 
plate  per  second  was  computed  for  each  condition  of  test.  These  values 
were  plotted  versus  the  midpoint  of  the  time  interval  in.  Figure  17  to 
obtain  a  family  of  rate  curves.  The  volume  of  gas  evolved  by  a  given 
volume  of  plate  was  determined  for  each  die  bonding  temperature  and 
time.  For  example,  the  die  of  a  power  transistor  is  bonded  at  520  C  in 
an  operation  requiring  a  total  of  about  120  seconds.  Using ‘the  dimen¬ 
sions  of  the  transistor  die,  0.  250  x  0.  250  inch,  it  was  calculated  that 
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Figure  14. 

Gas  Pocket  in  the  Gold-Silicon  Eutectic  Layer  of  a  Transistor 
-4 

1.  03  x  10  ml  of  gas  was  evolved  in  120  seconds.  The  average  vol¬ 
ume  of  the  gold-silicon  eutectic  bonding  layer  in  this  transistor  is 
6.  14  x  10"*  cm^,  with  a  minimum  value  of  2.  05  x  10"*  cm^.  Using 
these  values,  it  was  found  that  outgassing  of  the  plate  resulted  in  an 
average  of  16.  8  percent  voids  with  a  possible  maximum  of  50  percent 
voids  in  the  bonding  layer.  Similar  computations  for  a  single  transistor, 
bonded  at  450  C  for  60  seconds,  indicated  that  an  average  of  5.  6  per¬ 
cent  with  a  maximum  of  17.  5  percent  voids  resulted  from  outgassing  of 
the  plated  layers.  It  is  apparent  that  outgassing  of  plated  layers  can 
account  for  voids  in  die  to  header  brazements. 
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Figure  15. 

Sample  Vial  for  Plate  Outgassing  Study- 
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OUTGASSING  RATE  ML/CM  PLA1  JS/SEC 


Figure  17. 

Outgassing  Rates  of  Gold  Plate 
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IMPERFECTIONS  AND  IMPURITIES  IN  SILICON  ASSOCIATED 
WITH  DEVICE  SURFACE  FAILURE  MECHANISMS 
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and  R.  L.  Nolder 

Autonetics,  a  Division  of  North  American  Aviation,  Inc.  , 
Anaheim,  California 


I.  INTRODUCTION 

Semiconductor  devices  depend  for  their  operation  on  the  optimum 
geometrical  disposition  of  the  bulk,  surfaces,  and  interfaces  of  judi¬ 
ciously  selected  materials.  Material  selection  traditionally  has  been 
based  mainly  on  bulk  properties  on  the  assumption  that  surface  and 
interface  properties  would  have  only  minor  effects  on  the  device  func¬ 
tion  or  could  be  controlled  by  existing  metallurgical  and  crystallographic 
techniques.  As  device  miniaturization  has  progressed  the  active 

bulk  to  surface  ratio  has  decreased  steadily  until  surface  and  interface' 
effects  have  assumed  a  dominating  role  in  device  function.  Surface  - 
related  device  malfunction  problems  have  increased  proportionately, 
becoming  significant  with  the  development  of  planar  technology  and 
acute  with  the  inception  of  MOS  technology.  The  present  investigation 
addresses  itself  to  the  structural  characterization  of  device  malfunction 
originating  at  or  near  surfaces  and. interfaces. 

II.  EXPERIMENTAL  APPROACHES 

Two  important  topics  considered  in  this  investigation  are  inversion 
phenomena  associated  with  ionic  redistribution  in  dielectric  layers,  arid 
silicon  crystal  imperfections  situated  at  or  near  the  silicon- silicon 
dioxide  interface.  Inversion  effects  were  examined  in  relation  to 
junction  spreading  using  electron  beam  microprobe  technique,  reverse 
current  leakage,  1/f  noise,  and  the  kinetics  of  ion  redistribution  in  the 
oxide  layers  of  planar  transistors.  A  tentative  chemical  bond  model 
was  evolved  to  explain  the  observed  effects.  Silicon  crystal  imperfec¬ 
tions  were  examined  by  transmission  electron  microscopy  and  corre¬ 
lated  in  part  -with  phosphorus  doping  profiles  obtained  by  electron  beam 
microprobe  analysis.  These  experiments  were  conducted  on  planar 
power  transistors  and  revealed  line  dislocations  in  the  region  of  P  -  N 
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junctions  and  other  types  of  defects  in  the  vicinity  of  the  silicon- silicon 
dioxide  interface. 


III.  INVERSION 

The  electron  beam  microprobe  has  been  utilized  in  two  general 
modes,  both  of  which  employ  the  impingement  c i  a  focused,  traversing 
electron  beam  on  the  open  device  surface.  By  means  of  appropriate 
spectrometers  one  can  identify  x-radiations,  and  therefore  the  atoms 
emitting  them,  from  micron-sized  regions  in  the  device  material  or 
intrusive  particles  of  contamination.  Some  contaminant  particles  that 
have  been  discovered  by  this  means  include  lead,  sulfur,  (probably 
as  sulfate),  chlorine  (as  chloride),  and  the  migration  of  gold  in 
aluminum  contacts. 

The  second  mode  of  operation  pertains  more  directly  to  the 
observation  of  inversion  and  consists  of  monitoring  the  beam  induced 
current  as  a  function  of  focal  location  on  the  device  surface.  These 
currents  are  governed  by  the  electrical  impedances  distributed  between 
the  beam  impingement  location  on  the  surface  and  the  ground  connection 
to  the  device.  By  this  means  the  surface  geometry  of  planar  devices  is 
clearly  and  reproducibly  delineated  in  terms  of  image  density,  as  shown 
in  .Figure  1,  The  figure  also  reveals  the  spreading  of  the  collector  base 
junction  associated  with  inversion.  In  this  case  the  inversion  was 
induced  by  the  electron  beam  itself  with  an  applied  collector -base 
reverse  bias  of  45  V,  and  it  appears  as  a  white  shadow  contiguous  with 
the  original  (dark)  junction  contour  in  the  right-hand  photograph.  The 
associated  leakage  current  increased  from  32  pa  to  200 pa.  Continued 
beam  exposure  was  found  to  produce  further  increases  in  leakage 
current  until  a  maximum  was  reached,  after  which  further  treatment 
reduced  leakage  current  to  a  point  at  or  near  that  characteristic  of  the 
uninverted  condition.  These  effects  probably  can  be  explained  by  the 
accumulation  of  static  charges  within  the  device. 


32s*  'tMKAGf  CURRENT  200s* 

»c»-*v 


Figure  1 

Electron  Beam  Induced  Current  of  Inverting  PNP  Transistor 
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For  the  purposes  of  this  investigation  reverse  current  leakage 
associated  with  inversion  was  specified  as  that  produced  under  the 
combined  influence  of  bias  and  baking  at  elevated  temperature  and 
cured  by  baking  alone.  Several  examples  of  the  behavior  of  small 
signal  transistors  under  various  temperature  and  bias  treatments  are 
shown  in  Figures  2  and  3.  Reverse  leakage  currents  (in  na)  are  plotted 
as  ordinates  resulting  from  the  sequence  of  temperature,  bias  voltage 
and  duration  of  treatments  tabulated  horizontally.  Transistors  A  and  B 
(Figure  2)  show  characteristic  inversion  behavior;  transistor  C  has  a 
high  reverse  leakage  which  is  not  associated  with  invei  sion.  Tran¬ 
sistor  D  (Figure  3)  shows  erratic  behavior  with  indication  of  a  possible 
inversion  component;  transistor  E  is  an  example  of  a  previously  invert¬ 
ible  specimen  becoming  increasingly  more  resistant  to  inversion.  The 
last-mentioned  phenomenon  suggests  the  presence  of  electro-chemical 
processes  occurring  within  the  device  which  remove  the  ions  responsible 
for  inversion.  Only  devices  behaving  like  transistors  A  and  B  were 
selected  for  correlative  studies. 


DUAL  TRANSISTOR,  PNP 


Figure  3 

Collector -Base  Leakage  Current  Through  Several  Jnversion  Cycles 

(Sheet  2) 
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Correlation  of  inversion  with  noise  current  measurements  was 
undertaken  on  the  assumption  that  the  oxide  charge  accumulation  asso¬ 
ciated  with  inversion  would  induce  surface  states  of  varying  recombina¬ 
tion  rates  in  the  silicon.  Such  a  correlation  is  made  in  Figure  4,  which 
shows  a  series  of  oscilloscope  traces  of  IcBO  at  a  millisecond  sweep 
rate  with  the  corresponding  1/f  noise  current  (%)  indicated  under  each 
trace.  The  slightly  blurred  character  of  these  traces  near  the  origin 
arises  from  the  fact  that  they  were  produced  in  a  series  of  sweep- 
voltage  steps.  In  the  required  current  range  it  was  necessary  to 
operate  the  oscilloscope  preamplifier  at  its  highest  gain  factor  which 
introduces  a  load  distortion  at  ordinary  sweep  voltages  (-2  to  150  V) 
and  obscures  the  actual  magnitude  of  the  leakage  current.  Limiting 
the  sweep  Initially  (from  2  to  5  V)  clearly  defines  the  characteristics 
near  the  origin,  and  leakage  is  obtained  as  a  definite  step  in  current 
reading.  Sweep  voltage  is  then  increased,  making  any  necessary 
adjustments  in  vertical  deflection,  to  obtain  the  remainder  of  the  curve. 


4  ht  150°C,  OV 
ICBO  c  87.  0  nA 
*N  =  3. 8  pA 


1/4  hr  150°C,  -20V  1/2  hr  150°C,  -20V  3/4  hr  150°C,  -20V 

*CBO  =  7.  5  uA  *000  3  uA  ICBO  '  1  uA 

Ifj  «  52.  pA  IN  =  98.  pA  IN  =  170.  pA 


Figure  4 


Reverse  Characteristic  of  Transistor 


The  left  hand  trace  in  Figure  4  shows  a  partially  recovered  small 
signal  transistor  (of  the  type  characterised  in  Figures  2  and  3)  after 
baking  four  hours  without  bias.  The  1/f  noise,  measured  with  a 
Quan-Tech  Model  311  Transistor  Noise  Analyzer,  is  3.  8  pa.  Succeed¬ 
ing  traces  show  the  effects  of  temperature -voltage  treatments  on  this 
device.  Data  listed  under  each  trace  indicate  increases  in  noise 
current  corresponding  to  the  increases  in  leakage  current.  Tracking 
of  inversion  leakage  current  by  noise  current  is  more  clearly  illustrated 
by  the  plot  in  Figure  5.  However,  not  all  normally-behaved  inversions 
track  1/f  noise  so  closely,  indicating  that  more  than  one  mechanism 
may  be  responsible  for  inversion  leakage.  The  recovering  transistor  E 
(Figure  3)  did  not  display  a  significant  noise  current,  again  suggesting 
the  successive  removal  of  ions  capable  of  inducing  surface  states  in  the 
silicon. 

The  behavior  of  the  leakage  current  with  time,  when  the  devices 
are  subjected  to  selected  stress  condition  appears  to  give  better  repro¬ 
ducibility  and  more  information,  than  any  of  the  other  electrical 
parameters.  It  is  also  the  most  sensitive  parameter  to  changing 
conditions,  Such  kinetic  investigations  are  not  sufficient  by  themselves, 
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Correlation  of  Noise  and  Leakage  Current 
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however,  to  provide  positive  identification  of  the  migrating  ionic 
species  causing  inversion  or  to  reveal  the  structural  features  of  the 
oxide  layer  contributing  to  the  distribution  and  trapping  of  such  ions. 

Figure  6  illustrates  a  typical  plot  of  1(;bO  behavior  under  thermal 
stress  and  annealing  conditions.  Here  a  PNP  small  signal  transistor 
was  baked  at  200  C  with  -46  volts  bias  for  30  minutes  and  then  baked  at 
130  C  without  bias  for  the  periods  indicated  in  the  figure.  The  leakage 
currents  measured  at  room  temperature  show  that  the  longer  the  bake 
without  bias,  the  better  the  unit  became.  The  high  I^gQ  after  heating 
with  bias  is  due  to  the  increased  area  surface  junction. 

A  model  was  developed  for  the  study  of  this  behavior  assuming  that 
the  surface  junction  shrinks  according  to  a  parabolic  law  (implying  a 
diffusion  process)  when  "subsequently  heated  without  bias.  The  general 
junction  geometry  is  illustrated  in  Figure  7.  The  junction  area  is  given 
approximately  by: 

A  a<  2irr  jAr,  ( 1) 


where, 


Ar  ==  r2  -  fj. 


Then  from  the  original  assumption, 


where 


where 


Ar  =  Ar  -  (Dt)1/Z  , 
max  '  ' 

D  is  the  rate  constant  of  junction  shrinkage 
D  =  Dq  exp  (-  AE/kT) 

AE  is  the  activation  energy  of  the  diffusing 


(2) 


and  is  defined  by: 


(3) 


species. 


The  activation  energy  expresses  the  amount  of  work  required  to 
move  particles  from  one  place  to  another  in  their  environment.  In  the 
case  of  mobile  ions  on  an  oxide  surface  at  a  fixed  temperature  with 
constant  electric  field,  like -charged  ions  with  low  activation  energy 
will  migrate  faster  than  those  with  larger  activation  energy.  Also, 
since  Iqqq  =  kj  A,  the  leakage  current  can  be  expressed  as: 

^CBO  ~  ^1  ^rmw  ”  I* 
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I 


Area  a  2  ir 


ri  Ar  =  2ffrj  [a^ 


-  (Dt) 


where  Ar  =  r^  -  r  j  and  D  ia  the  rate  constant  of 
junction  shrinkage 


*CBG  =  “  A  E  2 


"1°  ^rxnax-(Dt)i]  * 


D  =  <AW  > 
e*. 


(1) 

(2) 

(3) 


where  /9  = 


constant  and  t^  is  the  time  for  the  current 
change 

Figure  7 


PN  Junction  Shrinkage  Model 


Relative  IcbO  (the  ICBO>  after  heat  treatment,  divided  by  the  maximum 
*CBO’  w^ich  is  defined  as  is  now  adopted: 


Relative  ICBQ 


'  !cbo"cbo 


(5) 


where: 


1' a  2  irk  r ,  Ar 
CBO  1  1  max 


(6) 
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defining  I<~bo  *n  terms  max  location  of  the  guard  ring).  The 

expression  for  Relative  I^go  ^en  can  be  written  as: 


cbo/icbo 


=  1  - 


(Dt) 


1/2 


Ar 


max 


(7) 


From  the  data  of  Figure  6  (130  C  bake)  along  with  similar  data  for 
three  other  temperatures,  the  Relative  IcBG  versus  (t)A/^  is  plotted  to 
obtain  Figure  8,  It  can  be  seen  from  equation  (7)  that  the  slopes  of  the 
lines  are  proportional  to  the  square  root  of  the  rate  constant  D  at  each 
of  the  temperatures.  Instead  of  determining  the  rate  constant  D 
directly  from  the  slope,  the  time,  (t)j/2  required  for  the  Relative  Iq^q 
to  become  0.  5  is  used  to  determine  the  activation  energy,  AE,  for  the 
rate  constant.  The  constant  is  expressed  by: 


max 

1/2 


(8) 


The  logarithm  of  (t)j  is  then  plotted  as  a  function  of  reciprocal 
absolute  temperature.  The  experimental  values  taken  from  Figure  8 
will  then  produce  the  plot  illustrated  in  Figure  9.  From  this  graph  the 
activation  energy  for  the  rate  constant  of  the  junction  shrinkage  was 
calculated  to  be  0.  66  electron  volts.  Lee  (Ref  1}  reported  that  the 
activation  energy  for  the  diffusion  coefficient  of  hydrogen  producing 
hydroxyl  in  natural  fused  silica  was  1  5.  8  kilocalories  per  mole 
(0.  68  electron  volts).  Also,  Schmidt  (Ref  2)  reported  that  the  activa¬ 
tion  energy  of  the  formation  of  surface  charge  under  vacuum  or  hydro¬ 
gen  aging  is  approximately  the  same  as  that  for  the  formation  and 
diffusion  of  hydroxyl  in  silica  (15  kilocalories  per  mole). 


If  equation  (4)  is  used  for  the  leakage  current,  then  the  change  in 
the  leakage  current  can  be  expressed  as: 


A  ICBO  "  ICBO  *t=o)  '  rCBO  (t=V 


(9) 


Equation  (9)  gives  the  value  of  the  rate  constant  as: 


D  = 


[A 1CBo) 


0t, 


(10) 


where  P  is  a  constant  (  p  =  4tt^  r kj^)  and  tj  is  the  time  interval  for 
the  current  change. 


If  the  logarithm  of  D  in  equation  (10)  is  plotted  as  a  function  of  the 
reciprocal  absolute  temperature,  then  the  activation  energy  can  be 
calculated  from  the  graph.  Figures  10  and  II  are  such  plots  for  PNP 
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Figure  11 

Diffusion  Constant  Versus  Reciprocal  Absolute  Temperature 
for  the  Dual  Transistors  (A  and  B) 


signal  transistors  and  Figure  12  is  for  a  computer  microdiode.  In 
Figure  10  are  plots  of  diffusion  constant  versus  temperature  for 
several  PNP  signal  transistors  of  the  same  type  giving  activation 
energies  from  0.  6  to  0.  9  electron  volts.  Figure  11  illustrates  typical 
plots  of  the  diffusion  constant  versus  reciprocal  absolute  temperature 
for  two  additional  transistors  from  a  different  source  for  which  activa¬ 
tion  energies  of  1.  1  electron  volts  were  obtained. 

NPN  signal  transistors  also  were  studied.  Figure  13  illustrates 
the  Icbo  behavior  of  an  NPN  transistor  at  the  indicated  bias  of  -46  V 
and  temperature  of  150  C,  This  unit  was  stressed  for  16  hours,  and 
then  baked  without  bias  for  time  intervals  indicated  in  the  figure.  The 
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Figure  12 

Diffusion  Constant  Versus  Temperature  for  a  Computer  Diode 


leakage  current  behavior  of  NPN  devices  was  somewhat  similar  to  that 
of  PNP.  These  devices  were  more  difficult  to  invert  and  not  as 
sensitive  to  changing  conditions.  Only  a  few  were  selected  for 
detailed  study. 

PNP  signal  transistors  secured  at  a  later  date  from  the  same 
source  behaved  differently  from  those  previously  obtained.  After 
voltage  and  temperature  stress,  these  devices  were  characterized  by 
an  l£BO  versus  V^g  characteristic  that  shifts  abruptly  from  a  bulk 
dominated  to  a  surface  dominated  characteristic  at  some  value  of  V^g 
as  illustrated  in  Figure  14.  Heating  the  device  without  bias  shifts 
the  various  segments  of  the  curve  as  indicated  by  the  arrows  at  A,  B, 
and  C  in  the  figure.  The  A  region  drops  as  it  does  in  the  other  PNP 
transistors  studied. 


Using  the  data  obtained,  the  following  model  is  proposed.  The 
dynamics  of  this  model,  like  that  of  the  previous  one,  are  characterized 
by  a  thermal  activation  energy.  Figure  15  shows  a  cross-section  view 
of  a  PN+  planar  junction  terminating  at  the  oxide  surface.  The  position 
of  the  depletion  layer  is  expressed  by: 


X  *  K1  VCB 


1/2 


(ID 


It  is  assumed  that  under  reverse  bias  at  high  temperatures  there  ie  an 
accumulation  of  positive  charge  on  the  p-side  of  the  junction. 

The  position  of  the  leading  edge  of  this  charge  distribution  as  a 
function  of  annealing  time  t  is  given  by: 

X  =  W  +K,t1/2  (12) 

o  Z 

Where  it  is  assumed  that  the  attrition  of  charge  from  the  accumulated 
region  is  governed  by  a  diffusion  mechanism.  Kj  is  then  proportional 
to  the  square  root  of  the  diffusion  constant. 

It  is  further  assumed  that  for 

KlVCBl/2<Wo  +  K2tl/2  (13) 

bulk  leakage  characteristics  are  observed,  while  for 
1/2  tllZ 

K1VCB  >Wo  +  K2  (i4> 


surface  leakage  current  is  dominating.  The  characteristic  voltage 
V^B  1»  then  given  by 
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Figure  14 

Icbo  Versus  V^g  of  PNP  Signal  Transistor  Stressed  for 
100  Min.  at  205  C,  -46  V 
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Figure  15 

FN  Junction  Terminating  at  Oxidizer  Surface 


ivi  i1'2  Wo  ,/  K2\  .1/2  .... 

(v6b>  <15) 

The  ratio  Kj/Kj  which  ii  proportional  to  the  square  root  of  the 
diffusion  constant  for  the  charge  redistribution  is  determined  from 
the  slope  of  the  V'^g * !2  versus  t*/2  plots  for  different  annealing 
temperatures.  Figure  16  shows  plots  of  W*  (V<~,}  to  get  one  nA)  as 
a  function  of  Vt  for  a  PNP  signal  transistor  for  the  temperatures 
100  C  and  129  C.  Figure  17  shows  (Kj/Kj)^  versus  reciprocal 
absolute  annealing  temperature.  An  activation  energy  of  about  1.  5 
electron  volts  is  apparent  from  this  plot  implying  a  thermal  activation 
energy  of  1.  5  electron  volts  for  the  diffusion  constant. 

Figure  18  shows  versus  reciprocal  absolute  temperature  for 

a  PNP  signal  transistor  fror  .  a  different  source  that  has  been  stressed 
with  reverse  bias  at  high  temperature  and  then  annealed  at  a  lower 
temperature.  Here  the  temperature  coefficient  of  the  IcBO  increases 
and  the  IcBO  l*vel  decreases  as  the  device  is  annealed.  At  each  stress 
level,  the  curves  can  be  described  by  an  equation  of  the  form: 

^BO  =  A  ***  (’AE/kT)  06) 

As  can  be  seen  from  the  table  on  Figure  18,  almost  all  of  the 
change  in  IcBO  c*n  be  accounted  for  by  the  change  in  activation  energy 
(AS).  In  fact,  the  experimental  limits  of  error  do  not  exclude  the 
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129  C 


Figure  16 

Vcb  to  get  1  na  Versus  Tine  Grapha  for  PNP  Signal  Tranaiator 
Baked  at  Two  Temperature  a 

posaibility  that  the  pre -exponential  factor  may  be  a  constant.  This 
result  suggests  that,  for  at  least  aome  translators,  temperature  and 
bias  cycling  is  accompanied  by  an  irreversible  process  not  accounted 
for  in  the  previous  models.  This  process,  as  observed  earlier,  is 
characterized  by  an  increasing  resistance  to  inversion.  The  origin  of 
this  effect  is  difficult  to  deduce  without  detailed  knowledge  of  the 
processes  used  in  manufacturing  the  device. 

In  spite  of  this  difficulty  it  is  possible  to  advance  a  structural 
model  of  the  silicon  dioxide  dielectric  layers  capable  of  explaining 
these  effects.  This  model  is  based  on  the  assumption  that  the  catalytic 
effect  of  steam  on  oxide  growth  involves  the  initial  binding  of  hydroxyl 
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Figure  18 

*CBO  (*20V)  Versus  Reciprocal  Absolute  .Temperature  of  PNP 
Signal  Transistor 


group*  to  silicon  atoms  involved  in  producing  the  dielectric  layer.  At 
the  oxidation  temperatures  employed  (1100  to  1200  C),  however, 
hydroxyl  groups  on  adjacent  silicon  atoms  would  quickly  react  with 
each  other  to  produce  an  oxygen  bridge  and  water,  ns  follows: 

;S1  -  OH  +  HO  -  Si£  -  £6i  -  O  -  Si  +  H  C£  (17) 

it 

This  reaction  can  proceed  only  as  long  as  neighboring  hydroxyl  groups 
are  available.  Isolated  hydroxyl  groups  remaining  after  the  reaction 
are  securely  fixed  because  the  silicon  oxide  matrix  is  too  viscous  to 
allow  them  sufficiently  close  approached  for  interaction. 

The  residual  hydroxyl  groups  in  reality  are  weakly  acidic, 
consisting  of  anionic  radicals  (silicic  acid)  bound  to  the  matrix,  and 
replaceable  hydrogen  ions.  Other  cations,  such  as  sodium,  which 
may  be  present  ae  impurities,  are  capable  of  displacing  the  hydrogen 
from  these  anionic  sites.  Thus,  the  process  of  inversion,  according 
to  this  model,  involves  the  electrochemical  transport  of  cations  by  a 
field  induced  hopping  process  from  one  fixed  anionic  site  to  the  next. 
Accumulation  of  excess  positive  charge  in  the1  vicinity  of  the  negatively 
biased  silicon- silicon  dioxide  interface  probably  involves  the  splitting 
of  silicon-oxygen  bonds  to  form  temporary  anionic  sites: 

^Si  -  0  -  Sic  +  Na+  — — *  ■«  ^Si  -  tfNa  +  +s£  (18) 

no  bias 

Baking  under  zero  bias  reverses  the  reaction  and  permits  redistribution 
of  the  mobile  cation. 

The  observed  increase  in  resistance  to  inversion  by  some  tran¬ 
sistors  on  repeated  inversion-deinversion  cycling  implies,  on  the  basis 
of  the  present  model,  an  irreversible  electrochemical  transport 
process  probably  occasioned  by  a  limited  source  of  mobile  cations 
which  are  discharged  at  the  negatively  biased  interface.  If  hydrogen 
ion  is  the  mobile  species  this  may  result  in  the  discharge  of  molecular 
hydrogen  into  the  transistor  can  atmosphere.  The  physical  details  of 
the  process  must  remain  speculative  until  more  delicate  experiments 
can  be  devised  for  this  investigation. 

IV.  CRYSTAL  DEFECTS  IN  SILICON 

It  is  well  known  that  the  electrical  properties  of  silicon  are 
extremely  sensitive  to  purity  and  crystal  imperfections.  Transmission 
electron  microscopy  is  a  useful  method  for  the  study  of  defepts  which 
maybe  troublesome  in  silicon.  Dislocations,  stacking  faults,  small 
precipitates,  and  low-angle  grain  boundaries  are  among  the  primary 
defects  observed  by  this  means.  Since  the  effects  of  such  defects  on 
silicon  device  operation  were  of  primary  concern,  a  typical  power 
transistor  was  selected  as  a  study  vehicle.  This  device  possessed  the 
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advantage  of  having  a  relatively  large  silicon  substrate  which 
contributed  to  the  ease  of  manipulation  and  specimen  preparation. 
Although  only  one  type  of  transistor  was  investigated,  the  results 
are  considered  typical  of  those  to  be  expected  from  a  power  tran¬ 
sistor,  and  the  techniques  developed  are  potentially  useful  for  the 
study  of  many  other  types  of  devices. 

The  most  important  observations  were  considered  to  be  those  of 
dislocation  networks  associated  with  the  final  phosphorus  diffusion 
producing  the  emitter  region  of  the  device.  A  variety  of  structures 
were  observed,  some  previously  unreported.  Some  of  these  networks 
may  be  related  to  microplasma  phenomena.  Some  evidence  of  dopant 
induced  inversion  layers  not  observable  by  other  techniques  was  found. 
The  transistor  investigated  is  depicted  in  Figures  19,  20,  and  21. 

Figure  19  shows  the  device  package  with  the  cap  removed.  Figure  20 
shows  a  top  view  of  the  pellet  pattern.  The  base  and  emitter  fingers 
are  covered  with  aluminum  and  the  boundary  region  between  the  fingers 
is  covered  with  silicon  oxide.  Figure  21  is  a  one-finger  representation 
of  a  cross  section  of  the  silicon  pellet.  The  collector  was  (111) 
antimony-doped  epitaxial  silicon  which  was  subsequaxitLy.doped  with 
boron  and  then  phosphorus  to  form  the  base  and  emitter,  respectively. 

A  silicone  resin  protective  coating  lay  over  the  entire  pellet. 

In  order  to  prepare  the  silicon  material  in  a  device,  it  was 
necessary  to  remove  it  completely  from  its  pedestal  and  remove  all 
other  materials  attached  to  it  (silicone,  gold  ribbon,  aluminum,  and 
silicon  oxide).  It  was  then  necessary  to  thin  the  silicon  to  thicknesses 
suitable  for  transmission  electron  microscopy  (1000  to  4000® A),’  This 
was  done  by  chemically  polishing  in  a  2:15:5,  HF,  HNOj,  acetic  acid 
solution. 

A  total  of  eight  devices  was  prepared  for  investigation.  In  every 
device,  transmission  electron  microscopy  observations  could  be  made 
in  each  of  the  silicon  regions  exposed  at  the  epitaxial  surface,  1.  e.  , 
the  base  region  originally  covered  with  SiOj,  the  base  region  originally  ’ 
covered  with  aluminum,  the  emitter  region  originally  covered  with 
aluminum,  and  the  base -emitter  junction  region. 

A  typical  light  micrograph  showing  the  surface  of  a  wafer  following 
oxide  removal  is  shown  in  Figure  22.  Both  the  base  and  emitter  regions 
which  had  been  covered  with  aluminum  have  an  etched  surface.  In  the 
base  region,  it  can  be  seen  that  the  surface  contains  triangular  etched 
forms  similar  to  those  created  by  the  presence  of  stacking  faults.  The 
emitter  regions  show  no  well -formed  patterns  but  have  a  generally 
etched  character.  The  regions  which  had  been  covered  with  Si(>2  are 
smooth  in  character.  An  angle  lapped  pellet  is  shown  in  Figure  23. 

It  is  seen  that  the  regions  which  had  been  covered  with  aluminum  are 
depressed  below  the  regions  which  had  been  covered  with  SiOg.  In  this 
case,  as  well  as  with  other  specimens,  both  etched  regions  have  the 
generally  etched  characte:  without  the  well-defined  patterns. 
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Figure  19 

Power  Transistor  with  Cap  Removed 


/A  typical  electron  micrograph  of  one  of  the  well-defined  triangular 
defects  is  shown  in  Figure  24.  It  is  seen  that  it  is  a  pit  in  the  shape  of 
a  shallow  inverted  truncated  pyramid.  As  a  comparison,  Figure  25 
shows  an  example  of  a  triangular  stacking  fault  defect.  It  is  seen  that 
this  defect  does  not  have  a  depression  in  the  center  region,  but  etching 
occurs  along  the  edge  of  the  triangle  as  shown  by  the  lower  left  side 
edge.  Stacking  fault  contrast  fringes  appear  along  the  other  two  edges. 
No  contrast  fringes  were  observed  in  the  triangular  defects  found  in  the 
base  regions;  therefore,  it  is  a  reasonable  assumption  that  these  defects 
are  caused  by  the  alloying  of  the  aluminum  with  the  silicon.  In  both  the 
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Figure  20 


Top  View  of  a  Power  Traneietor 


Cross  Section  of  a  Power  Transistor 


base  and  emitter  regions  having  no  well-defined  patterns  by  light 
i  microscopy,  transmission  electron  micrographs  revealed  that  there 

were  also  truncated  pyramids  present,  as  shown  by  Figures  26  and  27. 
It  is  seen  that  the  defects  in  the  emitter  region  were  not  as  well  defined 
I  as  those  in  the  base  region. 

i 

Dislocation  networks  were  observed  in  every  specimen.  Two 
types  were  observed.  In  the  five  wafers  where  the  silicon  adjacent  to 
the  epitaxial  surface  was  examined,  dislocations  were  observed 
primarily  in  the  base  region  within  about  50  p  of  the  junction.  The 
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Figure  22 


Micrograph  o£  Transistor  from  which  Oxide  and  Aluminum 
Have  Been  Stripped 


Figure  23 

Angle -Lapped  Power  Transistor  Pellet 


Figure  24 

Triangular  Etch-Pit 


Figure  25 

Etched  Stacking  Fault 
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Figu*  26 

Defect  Etch-Pita  Observed  la  Transistor  Base  Region 
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Figure  27 

Defect  Etch -Pits  Observed  in  Transistor  Emitter  Region 
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dislocation  configurations  varied  between  those  shown  in  Figures  28 
and  29.  In  a  few  areas,  no  dislocations  at  all  were  observed  in  this 
region.  The  presence  of  these  dislocations,  particularly  those  lying 
in  a  dense  network  about  25 p  from  the  junction,  was  unanticipated  and 
considered  significant  for  reasons  described  later.  A  small  density 
of  dislocations  was  observed  in  the  emitter  regions.  In  two  devices  a 
regular  hexagonal  network  of  dislocations  was  observed  throughout  the 
emitter  region,  ending  abruptly  at  the  base-emitter  junction.  These 
observations  were  made  in  the  silicon  adjacent  to  planes  0.  03  and  0.003 
to  0.  006  mils  below  the  original  epitaxial  surface.  A  typical  example 
of  this  network  is  shown  in  Figure  30.  Networks  displaying  both 
hexagonal  and  other  configurations  have  been  observed  in  phosphorus 
diffused  zones  by  other  investigators  (Ref  3,  4,  and  5)  and  are  attrib¬ 
uted  to  dopant  concentration  gradients.  Our  observations  differ  slightly 
from  the  previous  work  by  Joshi  and  Wilhelm  (Ref  6)  who  observed 
hexagonal  networks  in  the  material  adjacent  to  the  surface  of  diffusion. 
This  implies  that  in  the  device  investigated,  a  large  concentration 
gradient  did  not  exist  at  the  surface. 


Figure  28 

Dislocations  in  Transistor  Base  Region  Near  Emitter -Base  Junction 


In  many  cases,  there  appeared  to  be  a  superimposed  dislocation 
network  which  was  not  as  regular  as  the  hexagonal  one.  An  example 
of  this  is  shown  in  Figure  31.  Both  networks  appear  to  lie  along  the 
(111)  plane  parallel  to  the  surface  with  an  occasional  dislocation  on  the 
more  irregular  network  leaving  the  (111)  and  ending  abruptly  at  one  of 
the  surfaces.  Varying  light  and  dark  contrasts  were  seen  at  some  of 
the  places  where  the  dislocations  leave  the  (111)  plane.  At  the  junction, 
the  irregular  network  does  not  end  abruptly  but  extends  some  4  to  bn 
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Figure  29 

Dislocations  in  Transistor  Base  Region  Near  Emitter-Base  Junction 


Figure  30 

Dislocation  Network  in  Transistor  Emitter  Region 
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Figure  31 


Superimposed  Dislocation  Networks  Found  in 
Transistor  Emitter  Region 


in  the  base  region.  An  example  of  this  is  shown  in  Figure  32.  It  should 
be  noted  that  this  is  not  nearly  as  far  as  the  penetration  into  the  base 
region  of  the  dislocations  observed  in  the  silicon  adjacent  to  the  surface. 


Figure  32 

Extension  of  Dislocation  Array  Beyond  Emitter  Base  Junction 
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The  microplasma  emission  at  the  base-emitter  junction  of  three 
devices  was  investigated.  Subsequent  transmission  electron  micros¬ 
copy  of  two  of  the  emitting  devices  showed  the  dislocation  structures 
presented  respectively  in  Figures  30  to  32,  and  in  Figures  28  and  29. 
These  observations  are  consistent  with  those  described  previously  for 
devices  which  have  been  etched  briefly  or  not  at  all.  The  observed 
absence  of  dislocation  networks  in  the  third  specimen  was  attributed 
to  more  extended  etching  which  completely  removed  the  emitter  region. 
Examples  of  low  voltage  microplasma  emissions  are  illustrated  in 
Figure  33  (a)  and  (b).  Very  few  associations  with  surface  defects  were 
found.  It  is  usually  considered  that  such  microplasma  emissions  at 
junctions  are  associated  with  dislocations.  Although  the  present  study 
does  not  appear  to  demonstrate  any  such  correlation,  these  results 
must  be  regarded  as'preliminary  and  inconclusive. 

The  expectation  of  a  relatively  high  concentration  of  phosphorus  at 
the  silicon-silicon  oxide  interface  within  the  base  region  adjacent  to  the 
junction  led  to  attempts  to  measure  the  phosphorus  level  by  means  of 
electron  beam  microprobe  scans.  This  was  done  on  one  device  with 
the  silicon  oxide  still  present,  and  6n  another  with  the  oxide  removed. 
The  corresponding  phosphorus  x-radiation  profiles  are  shown  in 
Figure  34  (a)  and  (b).  Following  microprobe  analysis,  the  latter  device 
was  angle  lapped  and  stained  with  the  results  shown  previously  in 
Figure  23.  No  phosphorus  was  detected  within  the  base  region  of  either 
device. 

This  investigation  represents  a  departure  from  the  bulk  of  previous 
related  work  in  demonstrating  the  feasibility  of  working  directly  on 
completely  fabricated  silicon  devices  which  evokes  deductions  more 
immediately  related  to  device  function.  A  significant  feature  of  this 
study  medium  is  the  perpendicular  termination  of  P-N  junctions  in  the 
surface  under  investigation.  The  present  observation  that  the  poorly 
defined  network  extends  slightly  beyond  the  junction  where  the  hexagonal 
network  ends  abruptly  may  be  explained  by  the  possibility  that  these 
dislocations  are  created  by  concentration  gradients  which  are  not 
parallel  to  the  (111)  surface.  This  is  supported  by  previous  observa¬ 
tions  (Ref  4)  of  a  non-hexagonal  network  created  by  a  concentration 
gradient  perpendicular  to  the  (001)  plane.  It  is  expected  that  a  concen¬ 
tration  gradient  would  extend  at  least  3  p  beyond  the  oxide  step  defining 
the  junction.  The  dislocation  structure,  existing  as  far  as  50  p  beyond 
the  junction  in  the  region  adjacent  to  the  original  epitaxial  surface  is 
not  as  easily  explained.  The  assumption  that  these  dislocations  are 
caused  by  a  concentration  gradient  would  imply  that  diffusion  has 
occurred  at  the  silicon -silicon  oxide  interface  at  a  rate  up  to  16  times 
as  fast  as  that  in  the  bulk  material.  Diffusion  is  known  to  occur  at 
faster  rates  at  interfaces,  grain  boundaries,  and  dislocations  than 
within  perfect  material.  However,  in  this  situation,  there  is  a  smaller 
solubility  of  phosphorus  in  silicon  oxide  than  in  silicon,  and  it  is 
expected  that  this  might  impair  the  diffusion  rate  at  the  interface.  This 
low  solubility  is  demonstrated  in  Figure  34  (a)  where  the  relative 
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Figure  33 

Microplasma  Emission  at  Emitter -Base  Junction 
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Phosphorus  Scan  by  Electron  Beam  Microprobe  (a)  Silicon 
Dioxide  Present  (b)  Silicon  Dioxide  Removed 
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concentration  of  phosphorus  in  the  silicon  oxide  is  much  lower  than  the 
region  not  covered  by  oxide.  The  lack  of  detection  of  phosphorus  within 
the  base  region  by  means  of  the  electron  microprobe  does  not  preclude 
the  possibility  of  its  presence.  An  estimate  is  easily  made  that  a 
nominal  amount  of  phosphorus  could  be  present  in  a  layer  500  A  thick 
without  being  detected  by  the  probe.  If  such  a  layer  exists,  it  would 
be  a  dopant-created  surface  it  version  layer.  If  this  inversion  layer 
could  extend  as  far  as  the  aluminum  deposit  over  the  base  region,  a 
completed  channel  would  result.  An  example  where  this  possibility 
nearly  may  have  occurred  is  shown  in  Figure  35  where  a  dislocation 
network  approaches  the  regions  where  etching  of  the  base  region  by 
the  aluminum  deposit  has  occurred.  This  result  indicates  the  utility 
of  transmission  electron  microscopy  in  revealing  possible  structural 
features  that  may  contribute  to  channeling.  A  potential  result  of  such 
channeling  might  be  a  breakdown  of  the  type  shown  in  Figure  36.  It 
can  be  seen  that  the  breakdown  crosses  the  junction  at  one  small 
region.  If  channeling  was  occurring  here,  a  short  circuit  could  have 
resulted  with  the  subsequent  catastrophic  failure. 


Figure  35. 

Approach  of  Dislocation  Network  to  Defect  Array 
Associated  with  Alumini ration  of  Base  Region 

It  should  be  further  noted  that  the  electron  microprobe  analysis 
correlated  with  angle  lapping  and  staining  demonstrates  diffusion 
effects  which  are  expected.  The  low  solubility  of  phosphorus  in  the 
silicon  oxide  previously  mentioned  can  create  what  is  referred  to  as 
the  snowplow  effect  (Ref  6).  As  the  silicon  oxide  layer  is  formed,  the 
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Thermal  Breakdown  Path  in  Power  Translator 


phosphorus  content  in  silicon  at  the  interface  is  increased  due  to  the 
depletion  of  phosphorus  in  the  newly  formed  oxide.  The  larger  amount 
of  phosphorus  detected  by  the  probe  in  the  silicon  which  had  been 
covered  by  the  silicon  oxide  is  an  indication  of  this,  as  shown  in 
Figure  34  (b).  The  region  which  has  been  covered  with  aluminum  also 
had  the  same  phosphorus-rich  layer  at  the  surface  since  it  had,  at  one 
time,  a  similar  oxide  layer  over  it  which  was  removed  before 
aluminum  alloying. 

The  demonstration  of  this  phosphorus -rich  layer  presents  a 
paradox.  It  is  expected  that  a  higher  than  normal  concentration  gra¬ 
dient  would  exist  at  the  surface.  On  the  other  hand,  electron  micro¬ 
scope  observations  demonstrated  no  hexagonal  network  at  the  surface 
in  contrast  to  previous  observations  (Ref  5).  At  present,  this  situation 
cannot  be  explained. 

It  is  well  known  that  low  voltage  microplasma  breakdown  can  be 
associated  with  the  presence  of  dislocations  (Ref  7)  and  that  micro- 
plasma  does  not  occur  at  every  dislocation  (Ref  8).'  A  recent  report 
(Ref  9)  suggests  that  copper  segregation  at  dislocations  can  be  a  cause 
of  localised  microplasma.  In  this  instance,  it  has  been  shown  that 
many  more  dislocations  are  present  than  the  number  of  localized 
microplasmas.  Definite  correlation  of  microplasma  effects  with  local 
structural  defects  obviously  will  require  a  continued  instrumental 
investigation. 
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V.  CONCLUSION 


It  seems  evident  from  these  investigations  that  a  more  complete 
understanding  of  processes  occurring  at  the  surfaces  and  interfaces 
of  planar  silicon  devices  will  depend  on  a  continued  attack  by  a  multi- 
disciplined  instrumental  approach  and  by  the  refinement  of  individual 
analytical  techniques  to  smaller  volume  and  lower  concentration  limits. 
The  experimental  evaluation  of  thermal  activation  energies  of  diffusing 
species  in  silicon  oxide,  although  phenomenologically  useful,  reveals 
little  concerning  the  identity  of  the  migrating  ions.  Processing  modifi¬ 
cations  aimed  at  controlling  their  effects  must  depend  initially  on  their 
identification.  This  approach,  in  conjunction  with  other  experimental, 
investigations,  appears  to  provide  the  basis  of  a  significant  step, 
however,  in  the  formulation  of  a  conceptual  model  describing  the 
transport  of  positive  ions  in  silicon  dioxide  layers.  The  proof  of  such 
a  model  will  depend  on  additional  experiments  designed  to  reveal  the 
structural  detail  of  these  layers. 

The  high  sensitivity  of  electron  microscopy  to  structural  features 
makes  it  a  potent  investigative  tool.  A  problem  of  interpretation  is 
posed,  however,  by  the  frustrating  profusion  of  detail  it  reveals. 

Since  the  technique  cannot  be  employed  on  operating  devices,  the 
effects  of  structure  on  function  must  be  drawn  from  inference  and 
from  contingent  observations  made  with  other  instruments,  such  as 
the  electron  beam  microprobe.  Such  correlations  as  that  considered 
to  exist  between  microplasma  emission  and  crystal  defects  require 
patience  and  skill  to  demonstrate.  The  contribution  of  dislocation 
networks  to  channeling,  and  to  thermal  breakdown,  requires  external 
corroboration  by  other  techniques.  Yet  in  the  latter  case,  at  least, 
each  experimental  approach  destroys  the  evidence  required  by  the 
other,  and  direct  corroboration  is  not  possible.  In  spite  of  these 
problems,  electron  microscopy  will  continue  to  increase  in  usefulness 
to  any  program  investigating  the  structural  origins  of  electronic 
phenomena  occurring  at  the  surfaces  and  interfaces  of  electronic 
devices. 
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DESIGN  AND  PROCESS  CONTRIBUTION  TO  INHERENT 
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ABSTRACT 

High -a  tress  teatlng  of  200,000  microminiature  components  used 
on  Minute  man  II,  and  subsequent  analyses  of  failures,  have  demon¬ 
strated  deficiencies  in  design  and  processing  of  these  microminiature 
components.  These  teats  and  analyses  were  made  during  the  course 
of  date  Component  Quality  Assurance  and  Component  Evaluation  Pro¬ 
grams  conducted  by  Autoaetlcs. 

A  summary  of  these  results  is  given.  It  provides  criteria  for 
establishment  of  designs  and  processes  for  microminiature  transistors, 
diodes,  capacitors,  resistors  and  integrated  circuits. 

Solutions  for  demonstrated  deficiencies  are  identified  and 
caiagorisad  la  terms  of  design  improvement,  process  and  tod  changes. 
Inspection  changes,  and  screens. 

The  role  of  component  procurement  documents  and  component 
qualification  procedures  in  the  assurance  of  proper  design  and  procsss¬ 
ing  of  high  reliability  microminiature  components  is  discussed.  The 
effectiveness  of  these  procedures  in  elimination  of  design  and  process 
inherent  failure  mechanisms  is  shown. 
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INTRODUCTION 


At  the  start  of  ths  Minutsman  II  Program,  it  was  recognised 
that  the  required  technological  advances  in  electronic  components 
would  be  achieved  through  successive  cycles  of  identification  and 
correction  of  deficiencies  in  component  design  and  processing.  (1) 

In  support  of  this  objective,  high- stress  testing  and  subsequent 
analyses  were  conducted  on  200,  000  Mihut«*aan  U  components. 

Testing  was  conducted  on  signal  and  power  transistors,  computer 
and  power  diodes,  ceramic  and  both  solid  and  liquid  tantalum  capac¬ 
itors,  metal  film  and  wirewound  resistors,  and  Integrated  circuits 
as  part  of  the  Component  Quality  Assurance  Programs  and  Parts 
Monitoring  Programs.  Chemical,  metallurgical  and  physical  analysis 
analyses  on  the  subcomponent  level  were  conducted  by  Autonetics 
do  provide  a  more  thorough  identification  of  the  causes  and  mech¬ 
anisms  underlying  failure.'  These  Programs  are  a  part  of  contracts 
between  the  Autonetics  Division  of  North  American  Aviation,  Inc. 
and  die  Ballistics  System  Division  of  the  United  States  Air  Force. 

The  Component  Quality  Assurance  Programs^)  ere  a  pert  of 
Contract  AF04(694)-247|  AF04(694)-402  and  AF04(494)-424. 

The  postmortem  analysis  and  laboratory  analyses  and  studies 
of  devices  which  "failed"  during  these  tests  have  demonstrated 
deficiencies  in  design  and  processing  of  these  components.  A 
summary  of  the  results  of  these  tests  and  supplier  action  resulting 
therefrom  has  been  made.  This  report  Identifies  significant  areas 
of  component  deficiencies  and  the  contribution  of  design  materials 
and  processes  to  them.  In  addition,  the  means  for  minimisation  of 
the  effects  of  the  contributing  factors  which  have  been  proven  by  sub¬ 
sequent  evaluations  are  shown.  It  must  not  be  inferred  that  the 
modes  and  mechanisms  discussed  are  universally  present  in  all 
devices  analysed,  nor  that  ths  corrections  shown  are  necessarily 
the  roost  effective  or  valuable  for  ail  designs  or  all  suppliers. 

The  results  reported  herein,  however,  provide  significant 
insight  as  to  the  problems  which  were  Inherent  in  the  designs, 
materials  and  processing  of  the  Minutsman  II  microminiature  devices, 
and  their  resolution.  As  such,  they  provide  a  criteria  for  deter¬ 
mining  die  problems  which  might  be  anticipated  with  other  micro¬ 
miniature  devices  through  analysis  of  the  design,  materials,  and 
processes  proposed. 

The  term  "mechanism  and  failure  mode"  has  been  used  herein 
as  much  as  possible  to  describe  the  different  factors  with  reference 
to  failure.  For  instance,  "mechanism"  provides  an  understanding 
for  the  means  by  which  a  failure  occurs  and  sometimes  is  employed 
to  refer  to  a  very  basic  understanding  in  a  molecular  or  atomic  sense. 
"Failure  mode"  is  employed  to  describe  the  observed  manner  in  which 
the  failure  occurs. 
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Discussion  of  the  nature  of  the  mechanisms  noted  herein  are 
outside  the  scope  of  this  paper.  Characterisations  are  reported  to 
the  extent  required  to  achieve  effective  corrective  actions.  Changes 
in  design,  process,  screens  and  inspections  are  purposely  non¬ 
specific  in  order  to  protect  our  suppliers  propristary  Information.  In 
depth,  discussions  for  several  mechanisms  will  be  presented  by 
Autanetfcs*  scientists  who  conducted  "Physics  of  Failure"  investigations 
(during  the  final  session  of  this  conference).  Additional  references  to 
the  identified  mechanisms  are  cited  in  this  report. 

FINDINGS 

The  failure  modes  and  mechanisms  found  in  Minuteman  II  devices 
were  based  upon  experience.  Generlca lly,  they  arise  from  problems 
inherent  in  surfaces,  contamination,  material  compatibility,  and  the 
required  microgeometry. 

Resistors  (Tables  1  through  3).  Device  degradation,  which  Is 
accelerated  by  ability  of  moisture  to  penetrate  polymeric  packages, 
was  a  common  major  problem.'^’  ^  Design,  material,  and  process 
improvements  have  enabled  suppliers  to  provide  devices  which  are  con¬ 
sistently  capable  of  withstanding  ten-day  exposure  to  moisture  resist¬ 
ance  test.  All  suppliers  have  muds  at  least  one  change  In  material. 

All  have  learned  the  necessity  for  control  of  bulk  material,  storage, 
pot  life,  and  viscosity.  Considerable  effort  was  expended  to  optimise 
cure  time.  Additional  package.lmprovements  resulted  from  the  use  of 
stirring  paddles,  lead  degreasing,  and  general  process  cleanliness. 

The  separation  of  the  lead  from  the  resistance  element  on  talon 
construction  was  a  common  problem.  Highly  reliable  construction  has 
required  a  change  in  design  in  which  the  resistance  element  is  welded 
or  soldered  to  an  end  cap  which  is  part  of  the  lead  wire  assembly. 

The  ability  to  weld  consistently  good  Joints  is  difficult  and  suppliers 
have  learned  the  necessity  for  control  of  temperature,  pressure,  time 
and  tools. 

The  resistor  manufacturer  buys  a  relatively  low  output  from 
resistor  wire  manufacturers.  As  a  result,  the  ability  to  obtain 
improved  wire  is  limited.  The  demands  for  a  controlled  product 
require  that  the  resistor  manufacturer  select  the  wire  for  high  reli¬ 
ability  production.  Factors*uaed  in  selection  include  temperature 
coefficient  and  aging  characteristics. 

Major  improvements  in  deposited  film  resistors  involved 
improved  procedures  for  handling,  spiralling,  and  contamination 
reduction.  These  improvements  lowered  the  incidence  of  failures 
resulting  from  non-uniform  film  thickness  and  by  film  electrolysis.^) 
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Table  1 

Failure  Modee/Mecheniema  end  Corrections  for  Film  Resistors 
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Table  1  (Cont) 
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:hanical  or  thermal 


Table  3 

Failure  Mode* /Mechanisms  and  Correction*  for  Power  Wirewound  Resistor* 


Ceramic  Capacitors  (Table  4).  The  majority  of  caramic  capaci¬ 
tor  failures  early  in  the  program  were  caused  by  shorts  and  low 
Insulation  resistance.  These  failures  were  in  part,  due  to  thinness 
and  porosity  of  the  ceramic  sheets  used  as  the  dielectric.  These  types 
of  failures  were  virtually  eliminated  by  improvements  in  die  homo¬ 
geneity  of  the  ceramic  powder,  processing  improvements,  electrode 
design,  and  contamination  controls. 

Shorts  high  dissipation  type  failures  were  also  related  to  the 
methods  used  to  connect  the  terminals  to  the  electrodes.  The  intro¬ 
duction  of  part  preheating  prior  to  joining,  contributed  significantly 
to  the  reduction  of  these  failures. 

Solid  Capacitors  (Table  5).  Miniaturisation  of  solid 

tantalum  capacitors  resulted  in  an  Increase  in  leakage  current  and  a 
higher  occurrence  of  shorts.  It  became  apparent  that  considerable 
more  development  was  required  in  the  areas  of  forming  and  anodising 
the  tantalum  anode. (^»^)  These  development  programs  resulted  in 
Improvements  in  tantalum  purity,  methods  offo  riming  die  anode, 
deposition  and  pyrolysis  processes,  and  coating  methods  to  achieve 
good  electrical  bonds  to  the  case. 

Geometry  of  the  anode  itself  was  a  major  contributor  to  the 
relatively  high  incidences  of  shorts  observed.  Not  only  did  the  length 
imI  diameter  require  change,  but  the  configuration  of  the  corners  also 
was  altered. 

Wet  Porous  Anode  Capacitors  (Table  6).  The  basic  degradation 
of  these  devices  delivered  early  in  the  Minuteman  II  Program  was 
leakage  of  the  electrolyte.  The  loss  of  electrolytic  results  in 
increases  in  leakage  current  and  dissipation  factor  and  a  decrease  in 
capacitance.  Further  problems  result  from  the  corrosive  nature  of 
the  electrolyte. 

Although  no  true  hermetric  seal  has  yet  been  developed  for  the 
small  sine  devices  used,  improvements  in  the  following  have  greatly 
reduced  the  possibility  of  electrolyte  losses. 

1.  Optimum  plug  material 

2.  Use  of  sea'ants  and  0-rings  over  the  plug 

3.  Optimum  crimp  design  and  crimp  tooling 

4.  High- temperature  screens  for  leakage 
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Table  5 

Failure  Mode /Mechanism*  and  Corrections  for  Solid  Tantalum  Capacitors 
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f'»uure  Modef  Mechanisms  and  Corrections  for  Wet  Parau*  AnoA*  TmUlum  C* p*dtor 
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Reduction  in  failure*  arising  from  corrosion  of  cathode  leads, 
uncentered  and  elongated  anodes,  and  coating  flaking  have  been 
achieved,  In  addition,  the  improvements  in  the  formation  of  the 
anode,  similar  to  those  noted  for  solid  tantalum  capacitors  were 
required  to  reduce  the  failures  caused  by  anode  geometry  and  defec¬ 
tive  dielectric  coatings. 

Diodes  (Table  7).  Surface  problems^' arising  from  inade¬ 
quate  packaging  and  careless  hanSSITag  and  inadequate  attention  to 
cleanliness  were  shown  by  the  high  incidence  of  inversion  and  channel¬ 
ing  failures.  Major  improvements  were  required  to  overcome  the 
multitude  of  latent  problems  inherent  in  the  use  of  polymeric  pack¬ 
aging.  <3* 

Marked  reduction  in  failures  have  been  achieved  through  the 
following  actions: 

1.  Improved  lead  wire  material,  plating  and  cleaning 

2.  Multicoating  and  composite  coating  of  active  elements 

3.  Selection  of  polymeric  material  more  suited  to  the 
application;  better  specification,  storage,  blending, 
application  and  curing. 

4.  Improved  process  control,  inspection  and  the  use  of 
dye  penetrant  test. 

Further  stability  of  surfaces  was  achieved  by  changes  in  the  passi¬ 
vating  coatings  and  the  elimination  of  high  pressure  leak  detection 
methods  using  ionic  solutions. 

The  degradation  of  forward  voltage  characteristics  has  been 
related  to  deficiencies  in  joining  operation*.  Control  of  the  gold 
plating  on  leads  and  tight  controls  of  die  geometry  were  required  to 
eliminate  degradation  caused  by  delamination  of  plating  and  cracked 
dice.  Major  improvements  in  alignment  and  scribing  were  necessary 
to  eliminate  shorts  and  thermal  runaway. 

Small  Signal  Transistors  (Table  8).  Major  areas  of  failure  were 
shown  by  failure  mechanisms  associated  with  inversion/ channeling^*!! 
and  joining.  As  with  diodes,  minimisation  of  surface  problems  require 
attention  to  both  surface  sensitive  processing  and  packages. 

Procedures  such  as  hot  gas  flushing,  ultrasonic  washing,  carriei 
cleaning,  and  dry  box  processing  were  found  to  be  essential  needs  at 
several  stages  of  processing.  However,  the  continued  discovery  of 
surface  degradation  phenomena  required  the  implementation  of  100% 
reverse  bias  or  operating  stresses  to  assure  a  product  population 
relatively  free  from  this  defect.  Major  design  changes  e.g.  ,  low 
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Failure  Modes /Mechanism!  and  Corrections  for  Small  Signal  Transistors 


Table  8  (Cont) 


Mtini  for  Reducing  Effect  of  Major  Contributing  Factor* 


5  77 


Uncontrolled  process  Inadequate  heat  Reduction  in  Hot  capillary-  10C%  centrifuge  Sample  bond  shear 

at  bond  site  wire  sise  bonding  test 

Misplaced  bonds 


Table  8  (Cont) 
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resistivity  guard  rings,  field  relief  electrodes,  and  protective  glass 
coatings,  have  been  introduced  to  minimize  this  problem.  Ceramic 
packages  used  for  the  small  signal  devices  must  be  carefully  fabri¬ 
cated  and  handled. Despite  improvement  in  design,  it  has  been 
determined  that  tight  controls,  microscopic  inspections,  and  careful 
hermetricity  testing  is  required  to  achieve  the  required  reliability. 
Strict  control  cf  alignment  and  of  welding  for  package  closure  are 
required. 

Prevention  of  the  degradation  of  bonds  to  the  die  has  required 
many  change s. Foremost  has  been  the  need  to  adequately  preheat 
all  parts  prior  to  joining.  Hot  capillary  ball  bonding  has  proven 
effective.  The  formation  of  brittle  aluminum -gold  bonds  has  not  been 
found  to  be  a  problem  with  these  devices.  However,  centrifuge 
screening  and  sample  bond  shear  tests  are  required  to  remove  those 
devices  In  which  alloy  formation  into  the  base  silicon,  necessary  for 
adhesion,  did  not  occur. 

Internal  wire  connections  in  these  small  devices  posed  a  dual 
problem.  If  the  wire  was  too  loose  or  deformed,  shorting  to  the  die 
occurred.  If  the  wire  was  too  tight,  the  resulting  tension  fatigued  the 
metal  and  opened  the  conns  cti  on*  A  major  package  redesign  which 
permitted  "upbonding"'a^and  the  control  of  wire-feed  tension  alleviated 
these  problems. 

High  collector  resistance  originating  from  voids  in  the  back 
contact'™)  and  delamination  of  plating  occur.  Ths  substitution  of 
metalization  of  the  back  surface  of  the  die  for  preforms  and  the 
elimination  of  nickel  plating  on  the  mounting  stage  were  effective 
corrective  actions.  However,  a  100%  thermal  impedance  screen  is 
considered  necessary  to  meet  high  reliability  requirements. 

Power  Transistors  (Table  9).  Inversion  and  channeling^- 
problems  were  widespread  on  power  transistors.  Minimization  of 
these  problems,  a e  with  small  signal  devices,  necessitated  careful 
attention  to  handling  and  cleaning  procedures  which  affect  the  surface 
of  the  device.  Major  changes  in  the  design,  materials  of  construc¬ 
tion,  and  tooling  for  power  transistor  packages  have  been  made. 

Secondary  breakdown^ iow  energy  levels  in  the  early  devices 
has  necessitated  optimization  of  the  resistivity  and  fluckness  of  the 
epitaxial  layer.  A  non-destructive  secondary  breakdown  screen  is 
required  to  assure  that  devices  can  tolerate  some  degree  of  transient 
current  while  in  the  circuit. 


^Bonding  the  terminal  wire  to  a  connection  higher  than  the  plane 
.of  tne  silicon. 
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The  identification  of  emitter  pipes,  ^  ^  the  Junction  irreg¬ 
ularities,  (20,21,22)  &nd  emitter-box  shorts  have  precipitated  marked 
changes  in  masking,  photoresist,  and  diffusion.  Double  processing 
for  oxide  growth,  oxide  removal,  and  emitter  diffusion  have  been 
found  necessary. 

Changes  in  thermal  resistance^*' resulted  from  degradation 
of  bonds  between  the  die  and  case  and  die  cracks.  These  problems 
had  their  origins  in  the  metallurgical  systems  selected  for  joining  die 
to  case.  Major  redesigns  have  Incorporated  metallurgical  systems  and 
processes  which  provide  non-brittle,  relatively  void-free  interfaces. 

Integrated  Circuits  (Table  10).  A  severe  problem  was  inherent 
in  the  gold  to  aluminum  bonds  used  in  Integrated  circuits.'  Removal 
of  this  problem  required  development  of  composite  metallurgical  systems 
for  bonding  gold  to  gold. 

Shorts  between  the  interconnections  and  the  silicon^*^  have 
occurred  because  of  oxide  defects.  Double  masking  and  double  oxide 
growth  and  electrical  testing  of  dielectric  strength  are  helping  to  control 
this  problem. 

The  following  problems  encountered  with  diodes  and  transistors 
were  encountered  with  integrated  circuits  and  resolved  by  actions  similar 
to  those  used  for  semiconductor  devices. 

1.  Inver  sion/channeling  due  to  lack  of  process  cleanliness  and 
inadequate  packaging^"  15) 

2.  Improper  control  of  internal  lead  strength 

3.  Die  cracking 

4.  Handling  damage 

5.  Photomasking  related  problems 

6.  Attachment  of  die  to  package 

It  is  to  be  noted  that  findings  similar  to  these  have  been  reported 
by  Partridge,  Hanley,  and  Hall.  (27) 

DISCUSSION 

The  recurrence  (on  this  new  generation  of  microminiature 
devices)  of  many  problems  which  had  been  Identified  and  resolved 
on  earlier  devices  is  not  necessarily  surprising 'since  well  known 
factors  contribute  to  the  situation  such  as; 

1.  Inadequate  lead  time  (as  defined  by  contractual  end  item 

delivery  requirements)  for  thorough  development  of  new  parts. 


585 


Table  10  (Cont) 


Preform  cleaning 
(aolrent) 


Table  10  (Cont) 


2.  Continuous  cost  pressure  on  component  manufacturers  which 
encourages  shortcuts  and  gambling  on  newer  designs, 
materials,  and  processes. 

3.  Attempts  to  upgrade  commercial  parts  to  high  reliability  , 
status  without  analyses  and  correction  of  problems  inherent 
in  design,  process,  and  the  incompatibility  of  material  com¬ 
binations  used. 

4.  Inadequate  utilisation  of  the  knowledge  of  the  contribution 
of  design,  process,  and  materials  to  device  failures. 

5.  Inadequate  understanding  of  the  contribution  of  design, 
processes,  and  material  to  device  failure. 

The  observations  and  the  findings  reported  herein  dictate  the 
regimen  to  be  followed  if  one  is  to  obtain  reliable  devices  for  aero¬ 
space  systems.  This  consists  of: 

1.  Delineation  of  design,  materials,  and  processes  of  proposed 
new  parts. 

2.  Selection  of  suppliers  with  the  most  reliable  designs  and 
processes  using  the  most  compatible  materials.  The 
selected  supplier  must  understand  and  control  these  items. 

3.  Knowledgeable  estimation  of  failure  modes  Inherent  in  design, 
processes,  and  materials  of  selected  suppliers. 

4.  Inclusion  of  specification  of  screens  to  remove  high  per¬ 
centage  of  parts  exhibiting  problems  estimated  in  (3)  above. 

5.  Continuous  analysis  and  characterisation  of  devices  to 
ascertain  weaknesses  of  design  and  processes  and  incom¬ 
patibility  of  materials  and  to  determine  factors  which 
contribute  to  weakness  and  incompatibility. 

6.  Technical  interfacing  with  suppliers  to  upgrade  design, 
processes,  and  materials  to  minimise  effects  of  contribut¬ 
ing  factors. 

7.  Continuous  study  of  failure  mechanisms  to  provide  background 
for  improvement  in  the  state-of-the-art. 

These  activities  must  be  implemented  through  component 
procurement  specifications  and  qualification  procedures,  as  have  been 
done  on  Minuteman  II. 


591 


The  Component  Quality  Assurance  and  Component  Evaluation 
Programs  have  achieved  their  objective:  accelerated  improvement  of 
the  reliability  of  a  new  generation  of  devices.  The  reliability  objec¬ 
tives  for  Minuteman  11  will  be  met.  Their  timely  attainment  “could 
not  have  been  achieved  without  these  programs.  The  task,  however, 
is  not  complete.  New  technology  and  economic  considerations  will 
force  continuing  change  in  the  design,  processes,  and  material  of 
construction.  Continuing  evaluation,'  characterisation  on  the  compo¬ 
nent  level,  Physics  of  Failure  studies,  and  upgrading  of  specifications 
remain  an  essential  feature  of  our  component  reliability  effort. 


Special  note  is  made  of  the  very  excellent  paper  "Physics  of 
Failure  Accelerated  Testing"  by  G.  E.  Best,  G.  R.  Bretts, 
and  H.  M.  Lambert  (Electro  Technology,  October,  1965)  ~ 
which  cites  many  excellent  references  on  this  subject. 
Rather  than  repeat  the  thorough  literature  survey  performed 
by  the  authors,  the  reader  is  referred  to  their  paper. 
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SELECTIVE  CHROMATE  COHVERSIOH  OF  IlfTEORATED  CIRCUIT 


UTERCOHracmO  ALUMINIZATION 


D.  A.  Abdo 


Th«  Boeing  Coepany 
Aero-Spac*  Diriaion 
Seattle,  Washington 


ABSTRACT 

The  extremely  mull  nice  of  semiconductor  integrated 
circuits  introduces  microanalytical  problems  not  normally 
encountered.  8.  A.  Corl  1  at  the  1964  Physics  of  Failure 
Symposium  described  an  anion  reaction  for  failure  analysis 
of  microcircuits.  A  similar  non- destructive  chemical  pro¬ 
cess,  chromate  conversion  of  the  interconnecting  alumini¬ 
zation,  has  been  studied.  The  process  will  react  selective¬ 
ly  producing  striking  contrasts  in  the  color  of  the  alumi¬ 
nization.  A  number  of  factors  both  in  the  solution  and  the 
integrated  circuit  itself  were  found  to  influence  the  reac¬ 
tion  rate.  By  the  proper  application  and  technique,  chro¬ 
mate  conversion  can  be  used  to  locate  sites  of  surface  de¬ 
fects  and  attendant  electrical  failure.  Variations  and 
contrasts  in  the  characteristic  brown  color  will  show 
whether  an  area  is  F  or  H,  the  relative  doping  level,  areas 
of  high  AI.O3  concentration,  the  presence  of  pinholes  in 
the  oxide  under  the  aluminum,  breaks  in  the  aluminum,  and 
contaminants  on  the  surface.  The  advantages  of  the  process 
are  simplicity,  economy,  sharp  variations  in  color,  and  it 
is  non-destructive.  Compositions  of  the  various  solutions 
and  the  pertinent  reaction  parameters  are  described.  A 
study  of  a  number  of  factors  within  the  integrated  circuit 
affecting  the  reaction  was  also  made.  A  proposed  reaction 
mechanism  is  discussed.  The  process  appears  to  have  great 
utility  as  an  analytical  tool.  It  may  also  have  an  appli¬ 
cation  as  a  procass  step  for  the  protection  of  aluminum 
against  oxidation  and  mechanical  damage. 


1.  8.  A.  Corl,  "Anion  Reaction  for  failure  Analysis  of 

Microcircuit  Components, "  Physics  of  Failure  in  Elec¬ 
tronics  .  RADC  Series  in  Reliability,  Vol.  3,  pp  342  - 
353,  1965 
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INTRODUCTION 


The  chromate  conversion  of  aluminum  has  been  utilized 
as  a  commercial  process  for  protection  against  oxidation 
for  over  30  years.  About  a  dozen  proprietary  compounds 
meeting  the  standards  of  MIL-C- 5541  are  used  in  sizeable 
quantities  for  bulk  processing  of  the  various  aluminum 
alloys. 


The  present  interest  in  this  process  is  the  applica¬ 
tion  to  integrated  circuit  interconnecting  aluminization. 

By  use  of  selective  reaction  with  the  metallization,  it  has 
been  possible  to  show  areas  of  surface  defects  and  opens  in 
the  interconnections. 

CHROMATE  CONVERSION  PROCESS  OF  ALUMINUM 

Since  most  chromate  conversion  processes  are  propri¬ 
etary,  detailed  reactive  mechanisms  are  not  widely  known. 
However,  it  is  generally  believed2  that  haxavalent  chromium 
(such  as  CrjO-j  -  and  CrO.  ")  is  reduced  to  the  trivalent 
form  (probably  in  the  well  known  form  of  Cr2Cu)  which  pre¬ 
cipitates  as  a  complex  chromium  gel  on  the  metal  surface 
when  the  pH  at  the  metal  solution  interface  has  been  in¬ 
creased  suitably  by  the  local  consumption  of  acid.  X-ray 
studies  have  shown  that  the  films  are  amorphous.  However, 
it  has  bean  found  that  they  normally  contain  both  hexavalent 
and  trivalent  chromium  compounds.  The  color  and  other  char¬ 
acteristics  of  the  precipitated  coating  are  governed  by  the 
pH  of  the  solution,  the  nature  of  the  activator  radicals 
and  the  ratio  of  their  concentrations  to  that  of  the  chro¬ 
mate  compound  or  compounds  used.  While  the  formation  of  a 
conversion  coating  requires  some  attack  on  the  metal  surface, 
the  thickness  of  metal  removed  normally  is  small,  varying 
from  about  0.0001  to  0.00001  inches  (or  about  25,000  to  2500 
angstroms) .  Electrical  resistivity  of  chromate  films  is 
relatively  lew.  Ranges  ars  broad  since  resistance  varies 
with  film  thickness;  however,  an  average  figure  is  900  - 
2500  microhms  for  a  square  inch  of  projected  area. 

THE  ANALYTICAL  TECHNIQUE 

Since  the  aluminization  of  most  integrated  circuits  is 
nominally  8,000  angstroms,  normal  proprietary  compounds 
usually  result  in  excessive  attack  and  dissolution  of  the 
metal.  Therefore,  two  approaches  were  attempted  in  order 
to  find  solutions  which  would  selectively  react  without 
excessive  attack.  These  were  the  modification  of  a  proprie¬ 
tary  solution  and  the  formulation  of  laboratory  mixtures. 

To  insure  more  uniform  results,  a  pretreatment  clean¬ 
ing  process  was  found  necessary.  The  usual  procedure  is  to 
first  immerse  the  entire  device  in  a  non- etch  alkaline 


2.  C.  W.  Ostrander,  "Chromate  Conversion  Coatings,"  Elec¬ 
troplating  Engineering  Handbook.  Reinhold  Publishing” 
Co.,  A.  K.  Graham.  Editor,  pp.  416  -  435,  1962 
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cleaner  or  "degreaser" .  Several  of  these  are  available 
commercially.  The  solution  should  be  diluted  down  about 
2  to  4  fold,  from  its  normal  concentration.  Immersion 
time  is  about  IS  minutes  at  70  -  80°C  and  at  a  pH  of  10.5. 
The  sample  is  then  rinsed  in  distilled  water  for  about  15 
seconds  and  immersed  in  an  aluminum  deoxidizer  solution  at 
65  -  70°C  for  10  to  20  seconds.  This  solution  contains  27 
mils  of  85%  H3PO4  and  20  grama  of  CrOs  per  liter  of  distilled 
water  and  has  a  pH  of  about  0.8.  The  sample  is  once  again  rinsedwlth 
distilled  water,  dried  rapidly  and  is  ready  for  chrcmating.  It  is 
convenient  to  have  the  device  mounted  on  a  microscope  slide 
luring  the  above  steps  because  the  chroma ting  itself  should 
be  observed  under  a  metallurgical  microscope  having  an 
approximate  magnification  range  from  50  to  800X. 

H  proprietary  compound  covered  by  MIL-C-5541  was  modi¬ 
fied  by  using  it  at  one-half  its  normal  concentration  and 
adding  from  1  to  3  grama  of  a  chromate  salt  such  as  K2Cr20? 
or  Na„Cr20_  per  100  mis.  of  solution  to  give  a  pH  of  approx¬ 
imately  1.5.  The  solution  may  be  used  at  25°C  and  1  drop 
usually  covers  the  entire  device. 

Typical  reaction  times  are  15  seconds  to  4  minutes 
depending  upon  the  individual  circuit  and  the  depth  of 
color  desired.  In  most  cases  this  solution  would  color 
aluminum  connected  to  N  areas  a  dark  brown,  and  P  areas  a 
tan  color. 

This  *.'»(>  solution  may  be  diluted  10  fold  and  result 
in  an  N  reaction  only.  In  this  case  it  was  found  that  only 
the  aluminum  covering  N- doped  areas  would  color  tan  or 
brown. 


The  same  procedure  is  used  in  both  cases.  The  reac¬ 
tion  may  be  interrupted  at  any  time  by  rinsing  with  dis¬ 
tilled  water  and  drying  rapidly.  In  some  cases  better 
results  were  obtained  by  thus  stopping  the  reaction  and 
repeating  the  chromating  in  15  -  45  second  treatments  about 
4  or  5  times. 

Three  solutions  were  formulated  that  would  yield  a  P 
reaction,  a  N  reaction  or  a  N  and  P  reaction. 

The  P-type  solution  has  the  composition: 

10  grams  CrO, 

15  grams  K2Cr,07 
0.15  grams  NaP 

Two  grams  of  this  mixture  is  dissolved  in  100  mis.  of  dis¬ 
tilled  water. 

The  N-type  solution  has  the  following  composition: 

10  grams  CrO, 

5  grams  BaCl| 

0.01  grams  NaF 
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of  dis- 


One  gran  of  this  mixturt  is  dissolved  in  100, mis. 
tilled  water.  * 

The  N  and  P  type  solution  has  the  following  compo¬ 
sition: 


10  grams  CrO? 

15  grams  Na2Cr207 
5  grams  lUCr207 
1  gram  Bacl2 
0.15  grama  NaF 

Three  grams  of  this  mixture  is  dissolved  in  100  mis.  of 
distilled  water.  This  has  given  a  predominantly  P- solution, 
that  is,  aluminum  connected  to  P- doped  areas  will  color 
darkest.  By  diluting  this  solution  5  to  10  fold  a  predom¬ 
inantly  N-solution  in  obtained.  All  solutions  are  used  at 
25°C  and  a  nominal  pH  of  1.5. 

These  solutions  were  found  to  work  quite  well  on  inte¬ 
grated  circuits  from  one  manufacturer.  However,  the  results 
were  not  entirely  consistent  when  they  were  attempted  cn 
devices  from  other  vendors. 

THE  PROCESS  AS  A  FAILURE  ANALYSIS  TOOL 

Since  probing  for  a  failure  site  can  often  result  in 
mutilating  the  aluminization,  the  chromating  process  shows 
considerable  promise  because  defects  in  or  under  the  alumi¬ 
nization  will  usually  result  in  a  deviation  from  the  expec¬ 
ted  coloring.  The  series  of  photomicrographs  which  appear 
below  are  examples  of  how  failure  sites  and  surface  defects 
may  be  detected  by  employing  the  chromating  process.  Since 
this  is  a  color  reaction  having  varying  shades  from  tan  to 
red- brown,  some  contrast  is  lost  in  black  and  white  repro¬ 
duction.  In  moat  cases,  however,  the  contrast  is  sufficient 
to  illustrate  the  point  at  hand. 

Figure  1  is  an  unreacted  integrated  circuit.  The 
bright,  silver-appearing  geometry  is  the  aluminum  which 
interconnects  the  various  components. 

Figure  2  shows  an  N  reaction.  In  this  case  the 
emitter  and  collector  windows  and  the  N  portion  of  the 
diodes  colored  brown.  Close  observation  shows  what  appears 
to  be  a  pipe  in  the  emitter  window  where,  no  reaction  took 
place.  Figure  3  shows  this  defect  at  higher  magnification. 

Figure  4  is  a  P  reaction  with  aluminum  connected  to  a 
base  diffusion  of  a  transistor.  The  break  in  the  aluminum 
prevented  the  reaction  from  proceeding  any  further. 

Figure  5  is  an  example  of  an  N  and  P  reaction.  Here 
N  dope<^ areas  resulted  in  a  darker  brown  color,  such  as  the 
common  emitter  aluminization  and  the  N+  collector  windows. 
Aluminum  connected  to  p  areas  colored  tan,  an  indication  of 
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th«  relative  doping  levels.  Mots  the  absence  o f  tha  gold 
bond  raaultad  in  no  raaction  at  all,  an  indication  that 
diaaimilar  matala  accalarata  tha  raaction. 


Figura  1 

Intagratad  Circuit  Before  Chromating 


Ona  can  ahow  the  preaance  o £  ralativaly  high  aluminum 
oxide  concentration  by  eliminating  tha  aluminum  deoxidizer 
cleaning  step.  Since  the  chromating  will  proceed  faster 
where  the  oxide  ia  thinneat,  areaa  of  thickest  oxide  forma-r 
tion  will  net  color,  aa  ahown  in  Figure  6. 

.  The  proceaa  has  been  found  uaeful  in  locating  pin¬ 
holes  in  the  ailicon  oxide  paaaivation  under  the  metalliza¬ 
tion.  In  Figure  7  the  deviation  from  the  normal  reaction 
resulting  in  the  light  appearing  "bulls- eye"  ia  the  aite  of 
the  pinhole. 

Suspected  contaminants  between  the  aluminum  and  the 
silicon  oxide  can  be  demonstrated  also.  In  Figure  8  the 
unreacted  light  areas  are  an  indication  of  surface  contam¬ 
ination. 

Figure  9  shows  a  number  of  deviations  from  the  nor¬ 
mally  expected  N  reaction.  In  some  cases  aluminum  connected 
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N  to  P  to  P  colored  darkest.  The  N  doped  collectors  did  not 
react  at  all.  There  are  several  shadings  of  tan  to  bream  on 
P  aluminum  which  were  not  expected  to  occur.  In  this  case 
the  failure  site  which  was  previously  predicted  as  an  open 
by  electrical  measurement  wae  manifested  by  a  dissolution 
of  a  portion  of  the  aluminum  at  the  collector  oxide  step. 


Figure  2 

Reaction  of  Aluminum  Over  N-Doped  Areas 


Figure  10  is  a  near  uniform  chromate  conversion  of  all 
metallization  with  the  exclusion  of  some  of  the  aluminum 
covering  the  windows.  This  solution  had  a  very  low  concen¬ 
tration  of  metallic  cations  which  may  account  for  the  lack 
of  coloring  over  the  windows. 
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Figure  3 

Lack  of  Expected  N- Reaction  In  Emitter  Window  Indicates 
Pipe  Down  To  P-Base  Region 


Figure  4 

Breaks  in  the  Aluminum  are  Shown  by  an  Interruption 
in  the  Reaction 
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Figure  5 
H  and  P  Reaction 

N  reaction  predominated  resulting  in  a  darker  color. 


Figure  6 

Sitea  of  high  aluminum  oxide  concentration  result  in  no 
reaction.  Spotty  dark  areas  are  predominantly  P  reactions. 
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Figure  7 

Deviation  from  Normal  Reaction  Locate*  Site  of 
Pinhole  in  Oxide 


Figure  8 

Unreacted  Light  Area  Indicates  Surface  Contamination 
Between  Silicon  Oxide  and  Aluminum 


Figure  9 

Deviation  from  Normal  N  Reaction  and  Failure  Site  at 
Collector  Oxide  Step 


Figure  10 

Near  Uniform  Chromate  Reaction  on  All  Aluminization 
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PROPOSED  REACTION  MECHANISMS 


Sines  thert  vers  deviations  in  ths  sxpseted  reactions 
from  manufacturer  to  manufacturer  a  claar  cut  thsory  for 
the  reactions  is  not  possible  without  further  experimental 
data.  Integrated  circuit  processing  parameters  have  a 
definite  influence  on  how  the  chromate  solutions  will 
react.  Detailed  processing  data  is  considered  proprietary, 
so  a  certain  amount  of  Speculation  is  necessary. 

The  method  of  doping  and  the  later  processing  steps 
are  considered  to  be  those  moat  likely  to  influence  the 
reaction.  Silicon  oxide  passivation  can  be  grewn  in  sever¬ 
al  different  manners.  T);ia  impurity  content  within  the 
oxide  will  vary.  Cleaning  techniques  and  purity  of  sol¬ 
vents  will  have  a  definite  bearing  on  the  quality  of  the 
oxide.  The  manner  of  deposition  of  the  aluminization,  and 
the  process  of  alloying  and  sintering  appear  to  have  strong 
influences.  Also,  the  presence  or  absence  of  dissimilar 
metals  such  as  a  gold  bond  was  shown  earlier  to  affect  the 
reaction  (Figure  5) . 

Disregarding  variables  in  the  chromate  solutions  for 
the  moment,  two  principal  factors  within  the  device  are 
considered  to  influence  the  direction  of  the  reaction.  The 
first  of  these  is  the  difference  in  potential  of  the  doped 
areas  connected  to  the  various  segments  of  the  interconnec¬ 
ting  aluminum  as  well  as  the  potential  difference  between 
gold  and  aluminum.  Since  this  is  a  reaction  of  an  electro¬ 
lyte,  the  larger  the  potential  difference  between  connected 
sites  the  more  rapid  the  reaction  and  the  darker  the  color. 

The  other  important  factor  is  the  impurity  level  with¬ 
in  the  aluminum.  To  insure  good  ohmic  contacts  the  alum¬ 
inum  is  alloyed  into  the  highly  doped  emitter  windows  and 
what  is  usually  the  N+  doped  collector  windows.  This  will 
result  in  dopants  diffusing  into  the  aluminum.  The  sinter¬ 
ing  process  of  the  aluminum  to  the  silicon  oxide  might 
possibly  result  in  some  transfer  of  impurities.  From  a 
number  of  reactions  observed  it  appears  that  a  higher  im¬ 
purity  content  within  the  aluminum  results  in  a  faster 
reaction  and  a  darker  coloring.  The  impurity  content 
appears  to  have  a  catalytic  effect. 

Which  of  these  effects  will  predominate  largely  de¬ 
pends  on  the  individual  manufacturing  technique.  To  same 
extent  variations  in  manufacture  can  be  compensated  by 
modifying  the  chromating  solutions. 

As  mentioned  earlier,  there  are  a  number  of  variables 
in  the  chromating  solutions.  Concentrations,  ratios,  solu¬ 
bilities,  activators,  and  pH  are  among  the  more  important 
factors.  Hcwever,  by  working  with  solutions  known  to  react 
in  a  predictable  manner  on  an  integrated  circuit  from  one 
manufacturer  it  may  be  possible  to  modify  the  more  impor¬ 
tant  variables  in  the  solutions  to  resolve  a  reaction 
common  to  all  manufacturers. 
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POSSIBILITIES  AS  A  PROCESS  METHOD 


Since  it  appears  possible  to  uniftxmly  chromate  all 
of  the  aluminization,  this  may  offer  an  application  as  a 
process  tool.  Chromate  conversion  coatings  are  used  pri¬ 
marily  to  inhibit  oxidation  of  aluminum.  The  aluminization 
of  integrated  circuits  is  ao  thin  that  oxidation  might 
result  in  a  hot  spot  and  an  eventual  open.  A  chromate 
conversion  coating  could  reduce  the  likelihood  of  such  an 
occurrence.  There  is  also  the  possibility  of  offering  some 
protection  against  mechanical  abrasion  during  fabrication. 

SUMMARY  ABD  CONCLUSIONS 

There  are  several  advantages  to  the  chromate  conver¬ 
sion  process.  The  selective  color  reaction  is  helpful  in 
locating  failure  sites  and  surface  defects  without  the 
need  for  time-consuming  and  sometimes  mutilating  test  pro¬ 
bing.  It  is  very  economical  since  only  a  drop  or  two  is 
required  for  a  device.  Although  a  thin  layer  of  aluminum 
is  dissolved  during  the  conversion  process,  the  chromate 
coating  itself  is  a  good  conductor,  so  the  process  is 
essentially  non-destructive.  This  technique  or  a  similar 
color  reaction  technique  will  became  more  in  demand  with 
increased  miniaturisation  and  the  corresponding  increased 
difficulty  of  locating  failures. 

The  shortcoming  of  the  technique  is  that  a  selective 
reaction  for  integrated  circuits  from  one  manufacturer  may 
not  work  in  the  same  selective  manner  for  circuits  from 
another  manufacturer.  In  spite  of  this  shortcoming  the 
reaction  usually  reveals  a  good  deal  of  useful  information. 
It  is  hoped  that  further  experimentation  will  resolve  the 
variations  due  to  manufacturing  processes. 
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HOT  SPOT  KESOPUSHA  POiMATlOV  II  SILICON  PLAHAR  TRANSISTORS 

E.  B.  Hakim  , 

United  States  Army  Elect roolci  Command 
Port  Hoemovth ,  Hew  Jersey 


ABSTRACT 

A  model  Is  presented  to  explain  the  cause  of  mescplasaas  when 
secondary  breakdown  occurs  In  silicon  planar  translators.  An  analysis' 
of  both  aluminum  and  gold  mmtallsed  devices  Is  presented.  To  substan¬ 
tiate  the  model,  data  are  presented  from  experiments  to  analyse  the 
second  breakdown  sites. Three  areas  of  Investigation  are  suggested  which 
may  prove  effective  In  redudi«  the  destructive  effects  of  hot  spots 
and  mesoplasums  In  transistors. 

z.  nfTRODUcnc® 

Tbs  problem  of  hot  spots  and  secondary  breakdown  In  transistors, 
a  catastrophic  failure  node,  has  plagued  the  electronics  industry  for 
years. ^  as  a  transistor  readies  some  critical  value  of  current  and 
voltage,  ft  will  go  into  a  negative  resistance  region,  to  s  much  lower 
voltage  at  Mghw  current  and  then  destroy  itself  exhibiting  either  a 
degraded  diode  characteristic  ac  s  collector- emitter  short  circuit. 

Alloy  devices  which  have  been  destroyed  in  this  manner  can  he 
dissected  and  areas  found  where  the  alloy  has  penetrated  across  the 
junction  Causing  a  short  circuit.  Recently  the  author  and  two 
colleagues  have  found  that  hot  spots  in  certain  types  of  alloy  tran¬ 
sistors  result  In  sate  rial  being  forced  out  of  these  hot  spot  sites  , 

In  the  form  of  balls,  rather  than  completely  alloying  Into  the  device.4 
®is  paper  deals  with  the  hot  spot  phenomenon  In  silicon  planar  devices 
which  are  the  wist  commonly  used  devices  today  and  discusses  the  formation 
of  mesoplasnaa,  their  effect  on  devices,  and  means  to  retard  their 
development. 
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Hot  Spots  and  Mesoplasaas 

Most  silicon  pin  Mir  transistors  today  use  aluminum  metallzation 
on  the  silicon  to  form  contact  areas.  A  device  which  has  been  de- 
stroyed  as  a  result  of  second  breakdown  usually  exhibits  severe  damage 
to  the  aBattnua  and  the  entire  surface  of  the  device-  Figure  1  skews 
four  typical  examples.  This  type  of  destruction  is  a  direct  result  of 
the  absence  of  a  current  Halting  device  In  the  circuit.  If,  however, 
the  hot  spot  formation  and  second  breakdown  are  controlled.  Interesting 
results  can  be  observed. 


Secondary  Breakdown  Damage  to  Surface  of  Transistor.  (A)  St  (C)  Show 
Recrystallized  Base  &  Emitter  Areas,  (b)  St  (D)  Show  Damaged  Areas  at 
the  Surface  and  Melted  Leeds. 
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The  term  "mesoplasma"  was  first  used  by  A.  C.  English  and 
H.  M.  Power.  5  Mesoplasma  was  the  name  given  to  the  light  emission 
which  is  a  strong  red  spot  much  larger  In  dimension  than  a  microplasma, 
and  is  common  in  a  reversed  bias  diode  in  avalanche.  MesopXasmas  were 
later  reported  in  silicon  transistors  and  related  to  second  breakdown 
in  transistors. °  A  typical  microplasma  emission  is  shown  in  Figure  2, 
while  Figure  3  shows  the  same  device  in  second  breakdown,  with  a  meso¬ 
plasma  emission.  Figure  3  shows  the  mesoplasma  emission  in  the 
me  tallied  area.  It  has  also  been  seen  in  the  Junction.  An  anomaly, 
has  been  observed  where  the  emission  is  in  the  fora  of  an  arc  rather 
than  a  spot.  Figure  4a  is  an  example  of  this  arc-over  phenomenon  and 
Figure  4b  is  the  V-I  trace.  The  negative  resistance  region  shown  in 
Figure  4b  Is  only  observed  when  the  arc-over  occurs.  It  is  believed 
that  this  oddity  was  caused  by  sputtering  of  aluminum  when  the  hot 
spot  was  initially  formed.  The  sputtered  aluminum  produced  a  low 
resistance  path  across  the  oxide  which  was  over  the  junction.  At  same 
critical  voltage,  the  arc  was  produced  causing  the  voltage  drop  ob¬ 
served  on  the  curve  tracer. 


Fig.  2 


Fig.  3 


A  Typical  Microplasma  Emission 


Secondary  Breakdown  . 
Mesoplasma  Buission 
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(A)  Three  Riotographs  of  the  Arc-Over  in  the  Seise  Device,  (b)  The 
V-I  Trace  Illustrating  the  Lower  Voltage  Second  Breakdown  Curve. 
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Mesoplasme  Formation 

A  possible  equivalent  circuit  for  tbe  metallization  on  the  surface 
of  a  silicon  transistor,  and  the  silicon  immediately  beneath  it,  might 
be  as  shown  in  Figure  5.  As  shown,  it  is  assumed  that  there  is  an 
infinite  number  of  resistors  consisting  of  aluminum  and  bulk  silicon. 
If,  as  a  result  of  current  crowding  or  some  other  effect,  Rg^j  is  less 
than  the  other  resistors,  then  the  current  distribution  will  not  be 
uniform  across  the  junction.  As  the  current  flow  through  the  device  is 
increased  more  current  will  flow  through  Rgja  until  a  temperature  is 
reached  which  will  melt  the  aluminum  above  this  hot  spot.  As  the 
aluminum  melts,  it  will  diffuse  into  the  silicon,  decreasing  R053  even 
further.  If  the  current  is  suddenly  increased,  the  surge  in  current 
will  heat  the  area  enough  to  cause  the  aluminum  to  alloy  completely 
across  the  silicon  causing  a  short  circuit. 
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Tie.  5 

Equivalent  Circuit  for  Metalization  and 
Silicon  Surface. 

If,  on  the  other  band,  the  current  is  increased  gradually,  the 
resistor  Rsi3  will  go  through  a  minimum  and  then  begin  increasing  due  to 
heating  effects;  that  Is,  at  the  same  time  the  aluminum  diffuses  into 
the  silicon  and  the  aluminum  and/or  the  silicon  is  oxidizing.  Because 
the  resistance  at  the  surface  is  increasing  due  to  the  oxide,  current 
flow  will  increase  through  Rgj.4.  As  the  resistance  R3  increases  fur¬ 
ther,  more  current  will  pass  through  Rg^g  «n3  Rgil;.  This  is  shown  in 
Figure  6.  As  before,  the  melting  temperature  of  aluminum  will  be 
reached,  causing  diffusion  of  aluminum  and  decreasing  Rgig  and  Rsi)+ 
further.  At  some  point  the  resistance  of  the  surface  above  Rsi2  and 
Rg^4  will  Increase,  and  the  process  begins  again.  This  effect  is\ 
shown  in  Figure  7*  Hie  previous  remarks  have  been  limited  to  aluminum 
metalization.  Investigations  have  also  been  carried  out  using  golS 
as  the  interconnect.  The  analysis  used  for  the  current  flow  is  the, 

Base  as  before;  however,  the  process  by  which  the  surface  resistance 
changes  is  different.  Instead  of  alloying  and  oxidizing  simultaneously 
as  in  the  aluminum  case,  the  gold  aelts  and  vaporizes  or  possibly 
aggregation  occurs,  leaving  behind  high  resistance  silicon. 
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Initial  experiments  utilizing  infrared  techniques  tend  to  add 
further  verification  to  the  theory  of  the  changing  current  distribution 
in  the  second  breakdown  mode  as  presented  above.  If  the  surface  of  a 
transistor  is  observed  with  an  infrared  scanner,  it  can  be  determined 
that  a  hot  spot  (the  area  of  highest  current  density)  will  vary  with 
the  change  in  resistance  at  the  surface.  That  is,  as  the  damaged  area 
grotfs,  the  hot  spot  detected  by  the  scanner  will  follow  the  outer  edge 
of  this  area.  Preliminary  measurements  have  also  indicated  that  the 
temperature  of  the  surface  is  indeed  near  the  melting  temperature  of  the 
totalization.  For  a  device  with  aluminum  interconnects  (melting  point 
of  aluminum  is  66o°c)  the  surface  has  been  found  to  be  approximately 
600°  -  700°C.  With  gold  as  the  Interconnect  (melting  point  of  1063°C) 
the  surface  temperature  was  determined  to  be  in  excess  of  80C°C.  It  is 
further  believed  that  the  actual  hot  spot  temperature  is  the  melting 
temperature  of  silicon  which  is  1420°C.  However,  no  direct  measure¬ 
ments  have  been  made  to  verify  this  statement,  nils  same  conclusion 
was  reached  in  the  article  by  A.  C.  English  and  H.  M.  Power.  5 

HI.  OONCUJSIGNS  AND  RECCMffiHIATIOSS 

From  the  facts  and  conjectures  so  far  presented,  it  is  possible 
to  draw  some  conclusions  and  hypothesize  further, 

1.  A  hot  spot  can  be  formed  in  hulk  silicon  which  can 

•  reach  ll*20°C.  „ .  " 

2.  Ihis  temperature  is  reflected  in  the  rise  of  surface 
temperature  above  the  hot  'spot  area,  causing  melting,  diffusion, 
vaporizing,  and  oxidation  at  the  surface. 

3.  Use  location  of  the  hot  spot  can  move  due  to  a  change  in 
the  resistivity  at  the  surface. 

4.  Hie  surface  is  composed  of  aluminum- silicon  cod.de  for  the 
aluminum  me  tali  zed  device  and  silicon- silicon  oxide  for  the  gold  device. 

3.  Hie  hot  spot  will  continue  to  relocate  itself  until  com¬ 
plete  alloying  exists  and  a  short  circuit  results. 

6,  Arc-over  between  electrodes  can  result  causing  the 
characteristic  negative  resistance  region  of  secondary  breakdown. 

Hiere  are  three  approaches  which  are  being  investigated  at  the 
present  time  to  diminish  the  effect  once  a  hot  spot  has  been  generated. 
Although  the  eutectic  temperature  of  gold- silicon  is  lower  than  alumi¬ 
num  silicon,  gold  appears  to  be  more  resistant-  to  alloying  and  para¬ 
meter  degradation  than  aluminum.  If  this  is  true,  then  higher  melting 
materials  should  even  be  better.  Molybdenum,  which  has  a  melting 
temperature  of  26?0°C,  is  being  investigated  as  a  contact  metal.  Other 
possibilities  are  chromium,  nickel,  platinum,  titanium,'' -and  rhodium.  - 
All  of  these  metals  have,  melting  temperatures  above  that  ’of  silicon. 

If  the  technological  problems  associated  with  the  application  of  these 
metals  are  overcome,  then  it  may  be  possible  to  go  into  second  break¬ 
down  with  its  negative  resistance  characteristic,  but  with  no  permanent 
transistor  degradation,  because  little  or  no  alloying  has  taken  place. 


A  series  of  tests  vere  performed  to  determine  the  composition 
of  the  Material  In  the  areas  where  mesoplasmas  vere  observed.  Iden¬ 
tically  Manufactured  units,  except  one  had  aluminum  on  the  surface  and 
the  e*feer  had  gold,  vere  put  Into  second  breakdown  with  controlled 
nesoplaasn  emission.  Bte  surfaces  of  the  devices  were  then  studied 
with  the  aid  of  an  electron  micro  probe.  Figures  8  and  9  shew  the 
X-ray  scans  of  both  devices.  Figure  A  is  an  optical  photograph  of  the 
device;  Figure  B  is  the  sample  current  scan;  Figure  C  is  the  scan  for 
the  meta  11  nation;  Figure  D  la  the  scan  for  silicon.  It.  the  case  of 
gold  (Figure  8),  comparison  between  the  optical  photograph  and  the  two 
X-ray  scans  shews  the  complete  absence  of  gold  In  the  hot  spot  region 
and  only  silicon  remaining.  Tor  aluminum  (Figure  9),  It  Is  seen  that 
only  sane  aluminum  Is  missing  and  some  silicon  la  evident.  This  an¬ 
alysis  led  to  the  theory  of  vaporisation  of  gold  and  alloying/ oxidizing 
of  aluminum. 


(C)  (D) 

Fig.  8 


(A)  Optical  Photograph  of  Gold  ^totalized  Device  With  Second  Breakdown 
Area;  (B)  s-p1*  Current  Scan;  (C)  Gold  X-Ray  Scan;  (D)Sillcon  X-Ray  Scan 
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.(c)  (D) 

Fig.  9 

(A)  Optical  Photograph  of  Gold  Me tali  zed  Device  With  Second  Breakdown 
Area;  (B)  Sample  Current  Scan;  (c)  Gold  X-Ray  Scan;  (D)  Silicon  X-Ray 
Scan. 
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Die  second  approach  under  investigation  is  to  have  an  inert 
material  is  intimate  contact  with  the  top  surface  of  the  device  and 
on  top  of  this  is  placed  a  massive  heat  sink  as  shown  in  Figure  10. 

Ibis  scheme  nay  reduce  the  surface  temperature  enough  so  that  higher 
current  densities  are  required  to  reach  the  critical  alloying  temper¬ 
ature.  The  coating  between  the  surface  ef  the  device  and  the  heat 
sink  would  serve  two  possible  purposes;  it  would  act  as  an  electrical 
insulator  and  as  a  seal  which  could  prevent  rapid  oxidation  of  the 
hot  spot  surface.  Two  coatings  being  attempted  are  epoxies  and 
silicone  resins. 

The  lest  approach  is  illustrated  in  Figure  11.  Here  the  possi¬ 
bility  of  using  the  metallsation  as  a  fuse  is  being  explore; .  Hie 
device  shown  has  the  emitter  contact  area  in  the  form  of  thin-narrow 
fingers.  If  now  the  device  is  subjected  to  a  transient,  a  hot  spot 
will  form  under  one  finger.  The  metal  above  the  hot  spot  will  be 
displaced  causing  an  open  circuit  in  that  finger.  When  the  device 
returns  to  its  operating  point  it  will  be  minus  one  contact  finger 
but  the  device  characteristics  should  not  be  drastically  altered. 
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Fig.  10 

Transistor  Top  Surface  Heat  Sink 
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Fig.  11 

Finger  Emitter  Contact  Area 
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L  INTRODUCTION 

Thermally  induced  physical  changes  occurring  in  the  die-to-header 
bonds  of  discrete  planar  transistors  were  investigated  as  possible 
mechanisms  which  could  cause  the  gradual  degradation  of  transistor 
electrical  characteristics.  These  physical  changes  were  observed  or 
identified  in  a  physics  of  failure  investigation  of  many  hundreds  of 
transistors  which  had  been  subjected  to  various  levels  of  accelerated 
stress  testing.  The  conclusions  drawn  from  this  investigation  have 
resulted  in  corrective  actions  being  implemented  by  the  various  tran¬ 
sistor  manufacturers,  thereby  accomplishing  a  major  objective  of  the 
program  --  to  improve  the  reliability  of  discrete  devices  used  in  the 
Miimteman  H  missile  guidance  and  control  system. 

The  scope  of  the  work  reported  here  was  limited  to  an  investigation 
of  failure  mechanisms  associated  with  transistor  die-to-header  bonds. 

It  became  apparent  early  in  the  work  that  the  die-to-header  interfaces 
of  these  transistors  were  complex  metallic  systems  composed  of  many 
layers  of  different  materials  as  a  direct  result  of  the  fabrication 
processes.  Many  different  procedures  are  utilised  by  the  manufacturers 
to  bond  silicon  dice  to  me  tali  zed  headers.  Undoubtedly  the  most  popular 
method  is  to  scrub  a  silicon  die  onto  a  heated,  gold-plated  ceramic 
header  with  an  intermediate  gold-silicon  or  gold- germanium  preform 
to  form  a  eutectic  bonding  layer.  The  ceramic  headers  are  metalised 
with  layers  of  screened  on  molymanganese  and  plated  nickel,  both 
diffused  into  the  ceramic.  These  are  followed  in  some  instances  with 
a  plated  copper  strike  to  promote  adhesion,  a  barrier  layer  of  plated 
nickel,  and  the  bonding  layer  of  plated  gold.  In  certain  transistors, 
an  intermediate  Ijayer  of  copper-gold-nickel  or  copper- silver  brase 
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alloy  used  to  fill  the  through-hole  connections  in  the  ceramic  header, 
is  found  in  the  interface.  Other  devices  contain  an  intermediate 
molybdenum  pedestal  plated  with  nickel  and  gold.  In  still  other  tran¬ 
sistors,  the  silicon  die  is  brased  to  a  copper  and  nickel  plated  header 
utilizing  a  silver-tin  brazing  alloy. 


These  complex  metallic  systems  were  further  complicated  by 
certain  temperature  and  time  dependent  physical  changes  which  occur 
in  the  interfaces.  The  following  will  be  discussed  in  detail  together 
with  the  possible  mechanism  by  which  each  may  result  in  eventual 
degradation  of  device  electrical  characteristics: 

1.  The  solid-state  diffusion  or  migration  of  intermediate 
materials  into  the  gold  bonding  layer  on  the  header. 

It  is  postulated  that  this  can  result  in  voids  in  the  die 
bond  due  to  nonwetting  of  the  bonding  layer  by  the 
preform  or  brazing  alloy. _ 

2.  Outgassing  of  materials  in  the  interface  during  the  bonding 
operation  resulting  in  void  formation. 

3.  Inter  metallic  formation  giving  riae  to  vacancies  due  to 
differences  in  interdiffusion  rates  (Kirkendall  Effect) 
and  subsequent  cracking  along  these  vacancies  due  to 
stresses  caused  by  thermal  mismatch. 

.  4.  Thermal  reordering  of  gold- silicon  eutectic  alloys 
causing  changes  in  electrical  resistance.' 

5.  Solid-state  phase  transformation  in  the  copper-gold 
braze  material  used  to  fill  header  through-holes 
resulting  in  electrical  resistance  changes  and  saturation 
voltage  drift. 


n.  EXPERIMENTAL  RESULTS 
A.  Solid-State  ^iffmion  in  the  Bond  Interface 

A  type  of  defect  that  was  prevalent  in  a  majority  of  the  transistors 
examined  on  this  program  was  voids  in  the  die-to-header  bonds. 
Examples  of  this  are  shown  in  Figures  1  through  3.  Figure  1  is  a 
cross-sectional  view  through  the  bond  of  a  signal  (micromesa  type) 
transistor.  Figure  2  is  a  similar  area  in  a  dual  switch  transistor, 
and  Figure  3  shows  voids  found  in  the  die  bond  of  a  large  power  tran¬ 
sistor.  Thermal  analyses  which  considered  the  geometry  and  thermal 
properties  of  the  materials  composing  the  device  were  performed  on 
models  of  various  types  of  planar  transistors.  These  analyses 
indicated  that  voids  in  the  die  bond  had  little  effect  on  device  perform¬ 
ance  until  the  voids  exceeded  50  percent  of  the  bond  interface.  However, 


Figure  1 

/ 

Voids  in  Die -to -Header  Bond  of  a  Signal  (Micromesa  Type) 
Translator  (350X) 


Figure  2 

Voids  in  Die-to-Header  Bond  of  a  Dual  Switch  Transistor  (200X) 

the  results  of  infrared  scans  and  radiographic  examination  of  devices 
indicated  that  even  small  voids  did  result  in  hot  spots  and  localized 
thermal  gradients  with  corresponding  temperature  increases  up  to 
15  F  in  the  die,  Larger  percentages  of  voids  in  the  bond  interface 
resulted  in  thermal  runaway  and  device  failure.  In  thermal  runaway, 
temperature  rise  increases  the  intrinsic  carrier  concentration,  thereby 


622 


t 

i 


-  * 


SILICON  DIE 


\ 


r 


SILVER -TIN  3RA2E 


CERAMIC  HEADER 


Figure  3 

Voids  in  Die -to -Header  Bond  of  a  Power  Transistor  (140X) 


increasing  tike  current.  This  in  turn  again  increases  the  temperature. 
Hence,  both  current  and  temperature  increase  without  limit  to  failure. 
The  failure  rate  goes  up  with  high  incidence  of  voids  while  the  power 
load  neceseary  to  cause  failure  decreases. 

\ 

X-ray  analyses  of  the  materials  in  the  die-bond  interfaces  indicated 
that  in  many  instances  the  solid-state  diffusion  or  migration  of  metals 
was  associated  with  void  formation.  For  example,  the  area  shown  in 
Figure  3  was  probed  with  the  electron  microprobe.  Analysis  of  the 
x-rays,  shown  in  Figure  4,  indicated  tikat  copper  had  diffused  nonuni- 
formly  around  the  void  area.  Similarly,  the  void  area  shown  in 
Figure  5  was  probed  and  a  diffused  copper-nickei  layer  wu  found 
directly  beneath  the  gold-silicon  eutectic  layer.  The  die-to-header 
interface  in  Figure  6  was  found  to  be  composed  of  the  following  layers 
of  materials,  as  determined  by  x-ray  analysis,  beginning  at  the  ceramic 
header  and  moving  up  towards  the  silicon  die: 

1.  Molv manganese  me  tali  zed  alumina 

2.  Nickel 

3,  Gold-copper-nickel  alloy  containing  some  diffused  germanium 

4,  Gold-silicon  eutectic  with  considerable  segregation  of  silicon 
and  containing  diffused  iron 
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Figure  4 


Electron  Microprobe  Scan  of  Area  Shown  in  Figure  3 
(Bright  Area*  Repreaent  Copper  X-Rays);  130X 


Figure  5 

Voids  in  Die-to-Header  Bond  of  a  Power  Transistor  (300X) 


T  SILICON  DIE 

_ GOLD- GERMANIUM 

'(WITH  DIFFUSED  COPPER 
AND  IRON  AND  SOME  SILICON) 

GOLD-SILICON 
(WITH  DIFFUSED  IRON) 

_ GOLD- COPPER- NICKEL 

(WITH  DIFFUSED  GERMANIUM) 

- NICKEL 

_ METALIZED  ALUMINA 

HEADER 


Figure  6 

Die-to-Header  Interface  of  a  Signal  Transistor  (I600X) 


5.  Gold- germanium  eutectic  containing  diffused  copper  and  iron 
and  some  silicon 

It  was  postulated  from  the  foregoing  results  that  the  diffusion  of 
materials  in  the  interface  could  cause  areas  of  nonwetting  on  the  bond¬ 
ing  surface  by  the  preform  or  braze  alloy,  thereby  resulting  in  voids 
during  the  bonding  operation.  To  test  this  premise,  simulated  copper 
headers  plated  with  consecutive  layers,  ZOO  pin.  thick,  of  copper, 
nickel  and  gold  were  subjected  to  varying  degrees  of  heat  treatment  to 
cause  diffusion.  This  was  carried  out  at  elevated  temperatures  up  to 
550  C  both  in  vacuum  and  in  air.  Two  sizes  of  silicon  dice,  repre¬ 
senting  a  large  die  found  in  the  power  transistors  and  a  smaller  die 
used  in  the  signal  transistors,  were  then  bonded  to  thesv  simulated 
headers.  A  gold-2  percent  silicon  preform  was  used  to  form  the  eutec¬ 
tic  bond.  The  bonding  was  done  in  production  die-bonding  facilities. 
Appearance  of  the  dice  after  bonding  is  shown  in  Figure  7.  The  condi¬ 
tions  for  pretreatment  of  the  headers  and  areal  percentages  of  voids 
estimated  from  radiographs  of  each  bond  are  summarized  in  Table  1. 

An  analysis  of  the  results  of  this  experiment  indicated  the 
following: 

1.  Diffusion  of  copper  and/or  nickel  into  the  gold  bonding  layer 
at  550  C  in  the  absence  of  oxygen  caused  an  approximate 
100  percent  increase  in  the  overall  average  of  voids.  Increased 
time  of  diffusion  did  not  significantly  increase  the  percentages 
of  voids,  indicating  that  wettability  of  the  solid  solutions 
formed  does  not  vary  significantly  over  a  wide  range  of 
concentrations. 
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Figure  7 

Silicon  Dice  Bonded  to  Diffusedand  Oxidised  Headers 


2.  Oxidation  of  the  gold  bonding  surface  also  caused  an  approxi¬ 
mate  100  percent  increase  in  tii?  average  percentage  of  voids. 
The  effect  appeared  to  be  independent  of  temperature  (in  the 
range  350  to  550  C)  and  time  (5  min  to  120  min). 

3.  Combined  effects  of  diffusion  and  oxidation  were  not  additive. 

It  was  concluded  that  both  types  of  treatment  lowered  the  wettability 
of  the  bonding  layer,  resulting  in  void  formation  during  the  bonding 
operation. 

To  determine  the  kinetics  of  diffusion  in  the  bond  interface  as  a 
function  of  time  and  temperature,  in  the  actual  range  of  die -bonding 
temperatures,  diffusion  couples  were  prepared  and  then  analyzed  with 
the  electron  microprobe.  The  system  of  consecutive  layers  of  copper, 
nickel,  and  gold  plates  (each  200  pin.  thick)  was  again  selected  as  a 
system  representative  of  the  metalized  header.  Couples  plated'in  this 
manner  were  heated  at  300,  400,  475,  and  525  C  for  periods  of  time  up 
to  4  weeks.  Coupons  were  removed  at  designated  times  for  analysis. 
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Table  1 


Die  Bonding  to  Diffused  and  Oxidized  Headers 


Percentage  Voids 

Treatment 

Overall 

Average 

Average 
Large  Dice 

Average 
Small  Dice 

1. 

As  plated  (controls) 

14.7 

19.0 

9.4 

2. 

30  min  o.t  550  C  (in  vacuum) 

28.5 

28.0 

29.0 

3. 

80  min  at  550  C  (in  vacuum) 

29.0 

29.0 

28.0 

4. 

420  min  at  550  C  (in  vacuum) 

29.5 

31.0 

27.0 

5. 

7 1  hr  at  550  C  (in  vacuum) 

31.0 

35.0 

23.0 

6. 

5  min  at  350  C  (in  air)  ‘ 

27.0 

31.0 

23.0 

7. 

30  min  at  350  C  (in  air) 

28.5 

34.0 

23.0 

8. 

120  min  at  350  C  (in  air) 

29.0 

34.0 

24.0 

9. 

5  min  at  550  C  (in  air) 

27.  5 

30.0 

25.0 

10. 

30  min  at  550  C  (in  air) 

28.5 

25.0 

32.0 

11. 

120  min  at  550  C  (in  air) 

31.5 

25.0 

38.0 

12. 

30  min  at  550  C  (in  vacuum)  + 

5  min  at  550  C  (in  air) 

27.  5 

28.0 

27.0 

13. 

135  min  at  550  C  (in  vacuum)  + 
30  min  at  350  C  (in  air) 

29.5 

32.0  '  ‘ 

•  27.0 

An  electron  beam  scanning  method  gave  semiquantitative  concentra¬ 
tion  profiles  of  the  three  elements  of  interest  --  copper,  nickel,  and 
gold.  A  typical  scan  of  a'  control  coupon  before  diffusion  is  shown  in 
Figure  8,  For  each  scan,  the  ordinate  or  height  of  the  scan  indicates 
the  concentration  of  the  element.  The  abscissa  of  the  scan  indicates  the 
distance  across  the  interface  of  the  three  layers  of  plate,  a  total  dis¬ 
tance  of  approximately  15  microns. 

Analysis  of  the  scans  from  the  300  C  diffusion  study  shows  that 
copper  diffused  through  the  nickel  layer  and  was  present  to  a  slight 
extent  in  the  gold  layer  after  506  hr,  (Figure  9).  The  secondary 
peak  of  copper  in  the  gold  layer  represents  approximately  6  percent 
copper.  Some  diffusion  of  nickel  into  gold  and  gold  into  nickel  is  also 
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Figure  8 

Diffusion  Study,  Controls  at  0  Hr  (3200X) 


Figure  9 


300  C  Diffusion  Study  After  506  Hr  (3200X) 


apparent.  At  400  C,  a  slight'diffusion  of  copper  and  nickel  into  the  gold 
layer  was.  discernible  at  4  hr.  At  24  hr,  the  amount  of  diffusion  was 
equivalent  to  that  found  at  300  C  after  506  hr.  After  672  hr,  copper  was 
present  in  the  gold  layer  to  an  extent  of  approximately  30  percent  by 
weight  and  apparently  was  uniformly  diffused  throughout  the  layer 
(Figure  10).  The  nickel  layer  was  still  intact;  however,  nickel  and 
gold  were  present  in  the  copper  layer.  At  475  and  525  C,  discoloration 
of  the  outer  gold  surface  was  noted  in  30  min,  indicating  significant 
diffusion  of  copper  and/or  nickel  into  the  gold  layer.  This  was  verified 
by  the  microprobe  scans,  Figure  11.  Increasing  amounts  of  inter¬ 
diffusion  were  observed  at  each  temperature  with  increasing  time. 

.After  168  hours  at  525  C,  the  microprobe  scans  show  a  central  solid 
solution  of  gold,  copper,  and  some  nickel  with  peaks  of  nickel  at  each 
surface,  Figure  12.  The  foregoing  micrOprobe  scans  were  used  to 
calculate  the  diffusion  coefficients  and  activation  energies  for  the 


Figure  10 

400  C  Diffusion  Study  After  67?,  Hr  (3200X) 


.525  C  Diffusion  Study,  30  Min  (3200X) 


interdiffusion  of  gold-nickel  and  copper-nickel.  However,  no  straight¬ 
forward  solution  of  the  diffusion  equation  was  available  to  compute  the 
coefficients  for  the  interdiffusion  of  copper  and  gold  because  of  the 
intervening  nickel  layer.  Therefore,  additional  copper-gold  couples 
were  run  at  250,  350,  425,  and  500  C  for  specified  lengths  of  time  to 
determine  the  constants  for  this  system.  Microprobe  scans  for  a  con¬ 
trol  and  a  copper-gold  couple  heated  for  21  hr  at  500  C  are  shown  in 
Figure  13. 
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Figure  12 

525  C  Diffusion  Study,  3  68  Hr  (2200X) 


An  integrated  form  of  Fick's  Second  Law,  assuming  a  diffusant 
source  of  constant  concentration,  was  used  as  the  mathematical  model 
for  the  solid-state  diffusion  process  (Ref.  1  through  5).  An  abbreviated 
derivation  is  shown  in  Figure  14.  At  time,  t,  the  concentration  o. 

N/vh  diffusing  through  a  semi -infinite  solid  (bounded  at  distance 
x  =  o)  for  a  distance  equal  to  x  is  given  by  Eq  (5).  This  assumes  no 
depletion  of  the  initial  surface  concentration,  N0,  for  x  <o.  D  is  e 
diffusion  coefficient  and  erfc  and  erf  are  the  error  function  ccmplemen 
and  error  function,  respectively.  Using  data  obtained  from  electron 
microprobe  scans,  diffusion  coefficients  were  calculated  for  each 
tem»»*r".ture.  Arrhenius  piots  of  logarithm  D  vs  the  reciprocal  of  me 
absolute  temperature,  as  shown  in  Figure  15,  were  used  to  derive  the 
activation  energies  for  the  diffusion  processes.  A  summary  oi  the 
diffusion  data  is  presented  in  Tabic  2,  together  with  vnl*  e=  ob-arr— 
from  the  literature  for  comparison.  Although  the  literature  va.ues 
are  based  on  somewhat  higher  temperature  ranges  and  different  initia 
concentrations  of  the  diffusing  species,  the  agreement  is  apparent. 


Using  the  values  from  Table  2,  the  amount  of  underlying  metal  that 
•vill  diffuse  to  the  bonding  surh  e  could  be  determined  for  each  die 
bonding  temperature  as  a  fur  m  of  the  time  required  to  bring  the 
device  up  tc  temperature  a  o  perform  the  bonding  operation.  For 
example^  it  was  calculated,  using  Eq  (5),  that  at  a  die  bonding  tempera¬ 
ture  of  525  C  (as  used  in  the  fabrication  of  a  large  power  transistor), 
-mproximately  22.  5  percent  ox  copper  will  diffuse  into  a  layer  of  gold 
100  u in.  thick  in  2  min,  with  0.  4  percent  copper  reaching  the  outer 
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Figure  13 


Copper-Gold  Diffusion  Study 

a.  Controls  at  0  hr  (4.  87p  /horizontal  division) 

b,  500  C  for  21  hr  (9. 74  p/horisontal  division) 

surface.  Under  the  same  condition*,  about  5.  5  percent  of  nickel  would 
diffuse  into  the  gold  layer,  penetrating  about  50  p  in.  Lesser,  but  still 
significant, amounts  of  diffusion  will  occur  at  the  lower  temperatures 
and  in  the  shorter  periods  of  time  required  for  die  bonding  of  the  „ 
smaller  signal  and  dual  switch  transistors. 
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FICK'S  FIRST  LAW: 


FICK'S  SECOND  LAW: 
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Figure  14 

Derivation  of  Diffusion  Equation 
B,  Outgassing  of  Material* 

Many  examples  of  spherical  type  voids  that  could  not  be  attributed 
to  nonwetting  of  either  the  plated  header  or  die  were  found  in  the 
eutectic  layers  of  these  transistors.  These  voids  resembled  gas 
pockets  in  many  respects  as  shown  in  Figure  16.  To  study  the  contri¬ 
bution  of  material  outgassing  to  the  formation  of  voids,  samples  of 
plated  wire  were  sealed  in  evacuated  glass  vials  (Figure  17),  and  then 
wesre  heated  at  elevated  temperatures  for  varying  lengths  of  time. 
These  vials  were  broken  and  the  gases  were  collected  for  gas 
chromatographic  analysis.  Moisture,  hydrogen,  and  oxygen,  as  well 
as  hydrocarbons  including  methane,  ethane,  and  acetylene,  were 
identified  among  the  outgassing  products  of  copper,  nickel,  and  gold 
plates.  A  typical  chromatogram  of  the  hydrocarbon  portion  (approxi¬ 
mately  10  percent  of  the  total)  of  gases  evolved  from  gold  plate  at 
550  C  is  shown  in  Figure  18.  The  i  ’mainder  of  the  gases  was 
determined  to  be  moisture. 
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Figure  15 

Arrhenius  Plots  for  the  Interdiffusion  of  Copper,  Nickel,  a.nd  Gold 
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Flours  16 

Gas  Pocket  in  Gold-Silicon  Eutectic  Layer  of  Transistor  (400X) 


Figure  17 

Sample  Vial  for  Plate  Outgassing  Study 
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Figure  18 

Chromatogram  Showing  Hydrocarbon  Portion  of  Gases 
Evolved  from  Gold  Plate 
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The  kinetics  of  the  outgassing  of  gold  plate  were  studied  at  three 
temperatures  in  the  transistor  die-bonding  range.  Evacuated  vials 
containing  gold  plated  wire  were  heated  at  temperatures  of  350,  450, 
and  550  C  for  periods  of  10  min,  1  hr,  and  4  hr  at  each  temperature. 

The  volume  of  gas  evolved  from  each  sample  vial  was  determined  from 
the  pressure  on  breakage.  An  outgassing  rate  in  units  of  milliliters  of 
gas  per  cu  cm  of  plate  per  sec  was  then  computed  for  each  condition  of 
test.  These  values  were  plotted  versus  the;  midpoint  of  the  time 
interval  to  obtain  the  family  of  rate  curves  shown  in  Figure  19. 

Using  these  rate  curves,  the  volume  of  gas  evolved  by  a  given 
volume  of  plate  was  determined  for  each  die  bonding  temperature  and 
time.  For  example,  the  die  of  one  large  power  transistor  is  bonded  at 
520  C  in  an  operation  requiring  a  total  of  about  120  sec.  Using  the  out- 
gassing  rate  for  520  C  at  60  sec  and  the  dimensions  of  the  die,  it  was 
calculated  that  1.  03  x  10-4  milliliters  of  gas  were  evolved  in  120  sec. 
Comparing  this  with  the  average  and  minimum  volumes  of  the  gold- 
silicon  eutectic  bonding  layer  for  this  transistor,  it  was  found  that 
outgassing  of  the  platings  on  the  header  could  result  in  an  average  of 
16.  8  percent  voids  with  a  possible  maximum  of  50  percent  voids  in  the 
bonding  layer.  Similar  computations  for  a  smaller  signal  transistor 
bonded  at  450  C  for  60  sec,  indicated  that  an  average  of  5.  6  percent 
with  a  maximum  of  17.  5  percent  voids  in  the  eutectic  layer  could  result 
from  outgassing.  Comparing  these  values  with  the  values  found  in 
Table  1,  it  is  apparent  that  outgassing  of  materials  on  the  header  can 
account  for  a  large  percentage  of  the  voids  in  the  controls.  It  is  also 
evident  that  the  effects  of  diffusion  and  oxidation  would  be  additive  to 
the  above  values  since  the  headers  were  effectively  outgassed  by  the 
respective  treatments  shown  in  Table  1  prior  to  die  bonding. 

C.  Intermetallic  Formation 

An  unusually  large  number  of  cracks  and/or  voids,  some  extending 
the  entire  length  of  the  die,  were  found  in  the  die  bonds  jof  a  certain.  .  — 
make  of  signal  transistor.  An  example  is  shewn  in  Figure  20<^Tt  should 
be  noted  that  these  transistors  had  not  failed  accelerated  stress  testing 
prior  to  this  examination.  Electron  microprobe  analyses.  Figure  21, 
indicated  that  separation  occurred  between  a  nickel- rich  layer  and  a 
nickel- silicon  intermetallic  layer. 

A  similar  situation  was  found  in  the  die  bond  of  one  make  of  power 
transistor.  This  is  discussed  in  greater  detail  in  an  accompanying 
paper.  The  cracking  was  attributed  to  stresses  induced  by  differences  in 
thermal  expansion  of  the  intermetallic  and  nickel- rich  layers  and 
appears  to  proceed  along  voids  or  vacancies  formed  by  differential 
diffusion  rates  of  nickel  and  silicon  (Kirkendail  Effect). 
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(a)  C  roe* -Section  Showing  Horizontal  Crack  Under 
Entire  Length  of  Die  (95X) 


(b)  Cloaeup  of  Horizontal  Crack  (IfeOOX) 
Figure  20 

Crack  in  Die-to-Header  Bond  of  a  Signal  Translator 
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Figure  21 

Electron  Beam  Micro* cane  Across  Crack  in 
Signal  Transistor  Die  Bond  (1600X) 
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To  investigate  the  kinetic*  of  nickel- silicon  intermetallic  forma¬ 
tion,  silicon  specimens  were  plated  with  thick  layers  of  nickel  and  then 
heated  at  four  temperatures  for  varying  lengths  of  time  up  to  135  hr. 
Experimental  temperatures  included  250,  350,  450,  and  550  C. 

.  These'  specimens  were  sectioned  and  analysed  by  electron  microprobe. 
No  diffusion  was  apparent  at  250  C  after  135  hr.  At  350  C,  a  narrow 
zone  of  diffusion  was  noted  at  110  hr.  This  zone  contained  approxi¬ 
mately  4  percent  silicon.  At  450  C  after  135  hr,  a  diffusion  zone 
containing  10  percent  silicon  was  apparent.  At  550  C  after  only 
8.  25  hr,  at  least  two  and  possibly  three  zones  of  intermetallic*  were 
visible,  as  in  Figure  22.  It  was  calculated  that  the  zone  nearest  to 
the  silicon  contained  both  NigSi  and  N^Si?. 

It  is  apparent  from  these  results  that  nickel- silicon  inter  me  tallies 
can  form  at  temperatures  as  low  as  350  C  over  long  periods  of  time. 

,  At  higher  temperatures,  for  example  520  C  (the  upper  end  of  the  die¬ 
bonding  range),  it  is  possible  that  nickel- silicon  intermetallic  forma¬ 
tion  may  occur  in  the  short  period  of  time  required  for  die  bonding. 
However,  it  is  probable  that  both  the  lohg  periods  of  time  at  high 
temperature  testing  or  operation  and  the  shorter  periods  of  time  at 
die-bonding  temperatures  contribute  to  this  condition. 

D.  Thermal  Reordering  of  Gold-Silicon  Eutectic 

Large  differences  in  metallurgical  structure  of  the  gold- silicon 
eutectic  layer  were  observed.  For  example,  in  the  die  bond  shown  in 
Figure  23,  the  structure  consisted  of  acicular  precipitates  of  silicon, 
in  die  form  of  needles  or  platelets,  in  the  eutectic  melt.  At  the  other 
extreme,,  a  sphsrodized  structure.  Figure  24.  consisting  of  small 
particles  of 'silicon  in  the  melt,  was  found.  In  a  majority  of  the 
devices,  the  eutectic  structure  fell  in  between,  these  extreme*. 

To  determine  the  cause  of  the  structural  differences,  gold- silicon 
eutectic  alloys  were  prepared  and  then  heat  treated  at  elevated  temper¬ 
atures  for  various  periods  of  time.  The  eutectic  alloys  were  prepared 
by  vacuum  depositing  and  then  plating  gold  to  a  thickness  of  about  1  mil 
on  silicon  chips.  These  chips  were  heated  to  525  C  and  quickly  cooled. 
Immediately  after  alloying,  the  eutectic  in  all  tests  had  a  structure 
similar  to  that  shown  in  Figure  23.  Heat  treatment  of  the  eutectic 
alloys  at  temperatures  in  the  range  of  150  to  350  C  apparently  caused 
a  thermal  reordering  process.  The  silicon  needles  agglomerated  and, 
depending  on  the  time  involved,  the  structure  approached  the  spherodized 
appearance  shown  in  Figure  24.  The  time  required  for  complete  stabili¬ 
zation  of  the  structure  varied  from  about  55  hr  at  350  C  to  more  than 
200  hr  at  150  C. 

Accompanying  these  structural  changes  was  a  change  in  electrical 
resistance  of  the  eutectic  alloy.  Resistance  measurements  were  made 
at  room  temperature,  from  one  side  of  the  silicon  chip  to  the  other. 
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(k.)  B-SE  Arfe«I  Scan  of  Interface  (I600X) 


\ 


(b)  Line  Scana  of  Nl  and  Si  X-Rays  Across  Interface  (lbOOX) 


Figure  22 

Microscans  of  Nickel-Silicon  Diffusion  Couple,  8.25  Hr.  at  550  C 
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Figure  23> 

cicular  Precipitate*  of  Silicon  in  Gold-Silicon  Eutectic  Melt  (1700X) 


Figure  24 

Spherodised  Structure  of  Silicon  in  Eutectic  Melt  (2t>00X) 


Figure  25,  a  plot  of  electrical  resistance  vs  time  at  200  C,  indicated  a 
general  increase  in  electrical  resistance  of  the  eutectic  alloy  during 
the  thermal  reordering  process  until  the  structure  became  stabilized. 
Similar  trends  were  observed  at  the  other  temperatures  studied. 

It  is  apparent  from  these  results  that  in  transistors,  where  the 
gold-silicon  structure  has  not  been  stabilized,  alow  changes  may  occur 
in  the  eutectic  alloy  at  device  operating  temperatures.  These  changes 
can  affect  the  electrical  resistance  of  the  back  contact  and  cause 
electrical  parameter  drift.  _ 

E.  Phase  Transformation  in  Copper-Gold  Braze  Alloy 

In  a  common  type  of  signs!  transistor  (micromesa  package), 
through-holes  in  the  ceramic  header  are  filled  with  braze  alloy  to 
provide  electrical  contact  from  the  external  leads  to  the  base, 
collector,  and  emitter  pads.  When  the  through  holes  are  filled  the 
molten  braze  alloy  is  allowed  to  overflow  the  hole  and  wet  the  internal 
pads  to  ensure  good  contact,  Figure  26.  This  hole-filling  step  is  done 
prior  to  die-bonding.  Thus,  a  layer  of  braze  alloy  becomes  an 
integral  part  of  the  die-to-header  bond. 

Problems  in  saturation  voltage  drift  encountered  by  one  manu¬ 
facturer  prompted  an  investigation  of  this  braze  alloy.  Electron 
microprobe  analyses  indicated  that  the  braze  was  essentially  a  copper- 
gold  alloy  with  a  small  percentage  of  nickel.  In  the  devices  examined, 
the  gold  concentration  varied  from  30  to  50  percent,  nickel  from  0  to 
3  percent,  with  the  remainder  copper. 

The  concentration  of  gold  in  the  braze  alloy  is  a  critical  factor. 

As  apparent  in  the  copper-gold  phase  diagram.  Figure  27,  a  solid-state 
phase  transformation  can  occur  in  copper- gold  alloys  containing  over 
45  weight  percent  gold  (Ref.  9).  This  phase  transformation  will  occur 
at  temperatures  encountered  in  the  high-stress  testing  to  which  these 
transistors  had  been  subjected.  Accompanying  the  phase  change  is  an 
increase  in  electrical  resistance  which  will  vary  from  16  to  54  percent 
in  the  temperature  range  encountered,  Figure  28  (Ref.  10).  It  was 
calculated  that  these  changes  in  electrical  resistance  could  readily 
cause  drift  in  the  saturation  voltage. 

The  kinetics  of  the  phase  transformation  have  not  been  well 
defined.  However,  it  is  apparent  that  the  problem  can  be  eliminated  by 
reducing  the  gold  concentration  in  the  braze  alloy  to  40  weight  percent 
or  less. 
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Change  of  Electrical  Resistance  of  Gold-Silicon  Eutectic  Alloy 
During  Heat  Treatment 


Figure  26 


Cross  Section  Through  Signal  Transistor  (Micromesa  Package)  Showing 
Overflow  of  Braze  Alloy  on  Pad  (140X) 
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in.  SUMMARY 

An  investigation  of  failure  mechanisms  associated  with  die-to- 
header  bonds  in  planar  transistors  was  centered  on  five  thermally 
induced  physical  processes  that  occur  in  these  bonds.  The  five 
processes  include  solid-state  diffusion  of  intermediate  materials  into 
the  bonding  layer  and  outgassing  of  materials  on  the  header,  both 
resulting  in  void  formation;  nickel- silicon  intermetallic  formation 
leading  to  cracking;  thermal  reordering  of  gold-silicon  eutectic  alloys 
accompanied  by  electrical  resistance  changes;  and  a  phase  transforma¬ 
tion  in  copper-gold  braze  alloys,  also  resulting  in  changes  in  electrical 
resistance.  The  kinetics  of  these  processes  were  examined  with  rela¬ 
tion  to  actual  device  materials  and  geometries  to  determine  their 
effects  on  transistor  electrical  characteristics. 

The  results  indicate  that  these  processes  are  probably  not  major 
life- controlling  mechanisms.  However,  any  one  or  a  combination  of 
these  processes  may  result  in  parameter  drift  and  incipient  failure 
during  extended  device  operation.  Certain  immediate  corrective 
actions  are  available  to  prevent  these  deleterious  effects.  Thermal 
stabilization  or  outgassing  steps  in  the  device  fabrication  and  close 
control  of  materials  are  suggested.  Other  corrective  actions  will 
require  an  investigation  of  more  efficient  barrier  layers  on  the  header, 
substitution  of  material?  to  improve  wettability,  or  perhaps  a  complete 
redesign  of  certain  devices. 
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